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1 . 0 INTRODUCTION 


1.1 SCOPE 

This report is the final document reporting information 
developed in the first task. Task I, of a Study of Potential 
Early Commercial MHD Power Plants under NASA Contract DEN 3-51. 
The total program is divided into two separate and sequential 
tasks. Task I and Task II. 

The first task reported on here consisted of parametric 
analyses of three different power plants (reference plants) with 
parametric variations of the various design parameters for each 
of these reference plants. 

Task II will consist of conceptual design studies of power 
plants which have been identified as attractive in the parametric 
analysis of Task I. The conceptual designs of Task II will be 
based on information and initial plant design data developed in 
the first task. 

The study has been conducted by a contract team consisting 
of AERL as the prime contractor and program manager, and Combus- 
tion Engineering, Inc. and Chas T. Main, Inc., as contract team 
members and subcontractors. The main responsibilities of each 
team member in performing the work reported on in Task I is out- 
lined in Table I-l. 

1 . 2 OBJECTIVE 

The major objective of this program is to develop informa- 
tion on the performance, cosh, natural resource requirements and 
environmental impact, and technical feasibility and development 
requirements of commercial scale "moderate technology" MHD/steam 
power plants, in order to identify attractive entry level power 
plant designs. These attractive- ; ->wer plants shall have accept- 
able performance and acceptable v. . of electricity but shall 
not require the development of higi. r,emperature air heaters di- 
rectly fired with hot MHD generator exhaust gas. Thus, the 
development requirements and hence, development costs and times 
for these "moderate technology" entry level power plants is 
considered to be less than those for more advanced and mature 
power plant designs defined by previous studies such as EGAS. 
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2.0 REFERENCE PLANTS OVERALL POWER SYSTEM 
DESIGN AND PERFOimANCE 


2.1 BASIC PLANT DESIGNS AND PERFORMANCE ANALYSIS 

The parametric analysis considered the followinq three 
different reference MllD Power Plants: 

Case I - Reference Plant 1 . Power plant with separately 
fired high temperature air heater and the use of 
state-of-the-art gasifier and heat exchanger tech- 
nology . 

Case II - Reference Plant 2. Power plant wi.h separately 
fired high temperature air heater and the use of ad- 
vanced gasifier and heat exchanger technology. 

Case 111 - Re f erence Pla nt 3. Power plant with the use 
of oxygen enrichment of the combustioi^ air. 

The basic desiqn parameters for the above tliree leference 
plants are summarized in Table Tl-1. The coal analyses of the 
two different coal types cons ideia'd , Mi^nitana Rosebud s\ibbitumin- 
ous and Illinois #6 bituminous, are contained in Appendix A. 
Montana Rosebud coal was selected as tlii.' basic coal fuel type for 
all reference plants. Appendix A contains tilso EPA standards 
and emission limitations and regulations spe'^ified for this study 
(NSPS) . 

The oveiall power system designs and the lesults of per- 
formance calculations for the assumed basic plant design condi- 
tions and all parametric variations are described in tliis section 
for each reference plant separately. Ik'fore this description, a 
general discussion is first presented of tht' oveixill power cycle 
performance analysis. 

A description and technical discussion of the design and 
performance of individual plant equipment ami maior items are 
contained in Section III. 

The overall cycle efficiency of a binary MHD/Steam Power 
Cycle is in simple terms expressed as: 

P - P +1’ - P 

MUD compr st earn a ux 
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PUKT DESIGHS (PLANTS #1. #2 AND #3) 
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Saae as Items listed under Plant #1 column. 


Neglecting auxiliary loss this is again expressed as 


MHD '^s ■ 


MHD' 


where 


'MHD 


(MHD eff.) 

Q. 


'fuel 


Hg = steam plant efficiency 


/ Steam Power 


yHeat Absorbed in Steam Cycle 
f = waste heat recovery factor 


Thus, it is seen that the overall efficiency depends upon the net 
energy output - P^ompr^ efficiency of the prime 

MHD cycle and the efficiency of the bottoming steam plant along 
with the fraction of waste heat that can be absorbed in the bot- 
toming plant. The basic way to optimize the overall cycle effi- 
ciency is to increase which means to raise the relative 

MHD 

fraction of net power - P ) from the prime MHD cycle. 

MHD compr ^ 

The amount of power which can be extracted from the MHD generator 
is governed by the thermodynamic and electrical properties of 
the working fluid along with design parameters and constraints 
selected for the channel. The MHD generator working fluid is 
again specified by the fuel, oxidizer and seed compositions and 
its preheat temperatures along with the heating value of the fuel 
and assumed MHD combustion conditions. 


Efficient utilization of the waste heat contained in the 
higher temperature MHD generator exhaust gas and lower tempera- 
ture exhaust gas from the high temperature air preheater system 
becomes important for maximizing, f • and hence overall cycle 
efficiency, Hq. Maximum heat recovery is obtained by cooling the 
combustion gases to the lowest temperature level so as to mini- 
mize stack losses, and to recover all heat losses from the prime 
cycle components [MHD combustor cooling, nozzle cooling, channel 
cooling, diffuser cooling, high temperature air heater system 
cooling (if applied), gasifier system cooling (if applied), com- 
pressor intercooling (if applied) etc.]. The actual heat energy 
which can be utilized is limited by physical and economical con- 
straints in heat exchanger design. 

The design of heat exchanger equipment must be based on a 
minimvun acceptable heat temperature difference between the fluids 
involved in order to avoid pinch-point problems. 
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An effort was made in the parametric analysis to develop 
design information which could be utilized for direct comparison 
between all design cases considered. Thus, for all of the as- 
sumed design conditions for the three reference plants, the crit- 
ical electrical (Ex» Ey, Jy, ojt) and gasdynamic (L/D) operating 
parameters of the MHD generator channel were kept within the same 
specified limitations. Furthermore, for each plant design and 
its parametric variations, the net energy output (Pmhd ~ Pcompr) 
from the prime MHD cycle was optimized. In simplified terms, 
this means that the pressure ratio across the channel in all de- 
sign cases was optimized. Also, the recovery and utilization of 
waste heat in the bottoming plant was optimized. However, it 
should be recognized, that a complete and detailed design opti- 
mization of the MHD generator channels and of the respective 
power plant power cycles was not conducted. This requires sub- 
stantial detailed design effort with iterations which were beyond 
the scope of the parametric analysis of Task I. Further design 
optimization is expected to be an important part of conceptual 
designs in the subsequent Task II activity. Rather Task I serve 
to provide the information and basis for a comparative evaluation 
between different plant designs and of the effects of variations 
in specific plant design assumptions and parameters. 

2.2 CASE I - REFERENCE PLANT I 

The flow schematic in Figure 2-1 shows the power plant con- 
figuration of Reference Plant 1. The state-of-the-art gasifier 
selected for production of the LBtu fuel gas for separate firing 
of the high temperature air preheater is a fixed bed gasifier of 
the Wellman-Galusha type. Data obtained for the characteristics 
of the fuel gas produced from the Wellman-Galusha gasifier for 
Montana Rosebud subbituminous coal assumed dried to 5% moisture 
content and Illinois #6 bituminous coal assumed dried to 2% mois- 
ture content are presented in Table II-2 and II-3 respectively. 
The fuel gas is delivered from the gasifier reactor at a tempera- 
ture of about 680®F for Montana Rosebud coal feed and about 100“F 
higher for Illinois #6 coal feed. An overall heat balance for 
the Wellman-Galusha gasifier systems based on the use of Montana 
Rosebud coal feed is shown in Table 11-4. 

The relatively low operating temperature of the Wellman- 
Galusha fixed bed type gasifier results in tar and oil formation. 
These tar components are vaporized in the hot gas at the gas 
temperature delivered from the gasifier, but will condense in 
the gas when the gas is cooled for the purpose of gas cleaning 
and sulfur removal. The total hot gas thermal efficiency 

( Btu" c oal^f eed^^ ^ including sensible heat and the heating value 

of vaporized tars is projected to be 91%. The total cold gas 
efficiency is projected to be 81%. This includes the heating 
value of condensed tars recovered from the gas. 

- 6 - 


^AVCO EVERETT 



Fig. 2-1 Cycle Configuration of Reference Plant 


















TABLE I 1-2 


PRODUCT GAS CHARACTERISTICS 

* 

(Montana Rosebud Feed) 


Composition (Vol. percent) 


CO 

CH^ 

CO, 

d 


H2S 

» 2 ° 


Average Mol. Wt. 

Product Gas HHV (wrt basis Btu/SCF) 
HHV of Tar Component 
Product Gas Temperature (®F) 

Heat Capacity (dry gas) (Btu/SCF) 


24.43 

2.93 

4.40 

9.92 

47.76 

0.22 

10.36 

24.75 

139.8 

15.4 

680. 

0.0196 


it 

Dried to 5% moisture 
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TABLE I 1-3 


PRODUCT GAS CHARACTERISTICS 

* 

(Illinois No. 6 Feed) 


Composition (Vol. percent) 

CO 

CH4 

CO2 

«2 

^2 

H^S 

H2O 

Mol. Wt. 

Product Gas, HHV, wet basis, Btu/SCF 
HHV of Tar Component 
Product Gas Temperature (°F) 

Heat Capacity (dry gas) (Btu/SCF) 


25.10 

2.76 

3.77 
12.48 
47.29 

0.69 
7.92 
24.17 
148.5 
16.3 
784 . 
0.0196 


* 

Dried to 2% moisture 
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TABLE I I -4 


GASIFIER HEAT BALANCE - REFERENCE PLANT #1 


Btu/lb 

Coal Gasified Per Cent 


Heat Input 


Coal HHV (5% H 2 O) 

10,962 

100.0 

Heat Output 

Gas HHV (139.8 Btu/scft) 

8,355 

76.2 

Gas Sensible Heat (680°F) 

700 

6.4 

Tar HHV 

920 

8.4 

Unreacted Steam 

307 

2.8 

Unreacted Carbon and Other Losses 

680 

6.2 


10,962 

100.0 

Hot Gas Eff. (Incl. Tar) 


% 91.0 

Cold Gas Eff. (Incl. Tar) 


% 81.0 

Overall Gasifier Eff. (Incl. Tar) 


% 86.0 
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The emission standards specified for use in this study re- 
quire that 85% of the sulfur contained in the total coal feed to 
the plant must be removed. The fuel heat input to the high tem- 
perature air heater is roughly 1/3 of the total fuel heat input 
to the plant for the basic preheat design temperature of 2700“F 
for Reference Plant 1. Consequently, more than half of the sul- 
fur contained in the coal feed to the gasifier must be removed 
in order to satisfy specified sulfur emission regulations. This 
assumes complete sulfur removal otherwise by seed contained in 
the MHD combustion gases. 

The sulfur in the coal feed to the gasifier system for 
production of the fuel gas to the high temperature air preheater 
system was considered removed as follows: Half of the high tem- 

perature preheater system is fired with fuel gas delivered di- 
rectly from the gasifier without prior sulfur removal. It is 
noted that the fuel gas produced in the gasifier is cleaned of 
particulate matter in cyclones which are part of the gasifier 
equipment. However, no reliable data is yet available on the 
exact amount of particulate matter contained in the product fuel 
gas. The combustion gases exhausting from the section of the 
high temperature preheater system which burns fuel gas delivered 
directly from the gasifier are mixed with MHD combustion gases in 
the bottoming steam plant in order to utilize the seed in the 
MHD combustion gases for sulfur removal from this gas also. The 
temperature range for mixing of these gases is important. On the 
one hand the mixing temperature should be above the dew point for 
seed in the gas (~1500®K) so that sulfur oxides contained in the 
high temperature air heater exhaust gas can react rapidly v/ith 
seed to form K 2 SO 4 . On the other hand, the high temperature air 
heater exhaust gas should not be mixet’ with MHD combustion gases 
at temperatures above 1900 °K so as to interfere with NOj^ decom- 
position in the MHD combustion gases. 

Thermodynamic calculations showed that the total adiabatic 
gas mixture temperature is 1660°K (2528®K) when high temperature 
air preheater exhaust gas at 700°F is mixed with MHD combustion 
gas exiting from the primary radiant furnace at 1866°K (2900®F) 
and afterburning of the MHD combustion gases is simultaneously 
performed with secondary combustion air preheated to 1100°F. 

The actual gas mixture temperature would be somewhat less since 
heat transfer from the gases is involved. Considering this, it 
still appears feasible to perform sulfur removal of the high 
temperature preheater exhaust gas as discussed above. However, 
these analyses show that no more than about half of the exhaust 
gas from the high temperature air preheater system as here con- 
sidered should be mixed with MHD combustion gases in order to 
avoid a gas mixture temperature which is too low. The other half 
of the high temperature preheater system is fired with fuel gas 
which has been cleaned of sulfur. This involves first scrubbing, 
cooling and cleaning of the gas including water treatment and 
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separation and removal of condensed tars, phenols and ammonia. 

The sulfur is subsequently removed from the cooled gas in a cold 
gas Stretford sulfur cleaning process. The recovered tar oils 
are considered burned in. the high temperature air preheater sys- 
tem (alternatively MHD combustor) so that their heating values 
are utilized within the power system. The sensible heat of the 
fuel gas is considered lost in cooling of the gas since recovery 
of this heat appears impractical. The cleaned fuel gas is pre- 
heated to 600°F before firing in the high temperature preheater 
system by heat recovery from combustion gases. Figure 2-2 is a 
schematic block diagram of the gasifier subsystem for reference 
plant 1. The overall thermal efficiency of the total gasifier 
system with cold gas cleaning and sulfur removal of about half 
of the gas produced from the gasifier as described above is pro- 
jected to be 86%. 

The assumed basic design conditions and all parametric 
points variations for Reference Plant 1 are shown ii: Table II-5. 
Corresponding calcul.<ted design and performance data for the MHD 
prime cycle of this reference plant including the MHD coal com- 
bustor and MHD genea.ator channel are listed in Table II-6. Mass 
and energy balances for the high temperature air heater subsys- 
tem and for the combined MHD/bottoming plant are listed in 
Table II-7 and Table II-8 respectively. 

Figure 2-3 is a flow diagram with a heat balance for the 
total steam and feed water cycle for the base case (p.p.l) of 
Reference Plant 1. The economizer duty is split into low ores- 
sure and high pressure sections and seven feed water heaters are 
utilized. This results in a steam cycle efficiency 

(rolll plant ) This calculatea 

Steam cycle efficiency for the base case is used for all other 
parametric points of Reference Plant 1 except for the parametric 
point case 12. This latter case considers Illinois #6 as the 
coal fuel type. The raw moisture content of Illinois #6 is about 
half of that of Montana Rosebud (8.7% versus 22.7%). Consequently, 
loss heat is required for drying of Illinois #6 coal. This means 
that relatively more low grade heat must be absorbed from the 
combustion gases in the economizer which again reduces the amount 
of possible regenerative feed water heating. Because of this, 
the steam cycle efficiency for the parametric point case 12 with 
the use of Illinois #6 has been reduced slightly from the base 
case value of 42.67% to 42.3%. 

The overall energy balance of Reference Plant 1 is shown 
in Table II-9.* Figure 2-4 is a bar chart showing comparative 
calculated net plant efficiency values for the various design 
cases considered for Reference Plant 1. The net plant efficiency 
decreases with plant size and the relative reduction increases as 

*Appendix B lists the auxiliary power requirements of all 
three reference plants 
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TABLE II-7. REFERENCE PLANT 1 - HIGH TEMPERATURE AIR HEATER SYSTOt 
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^^9* 2-3 Steam and Feed Water Cycle for Reference Plant 





TABLE ri-9^ OVERALL ENERGY BALANCE - REFERENCE PLANT #1 
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NET PLANT EFF.-% 


PLANT PARAMETER 


PLANT SIZE 


PREHEAT TEMP °F 


AIR PREHEAT FOR 


AIR HEATER FIRING 


OXIDIZER 


CHANNEL LOAD PAR. 


DIFF. RECOVERY FACTOR 


COAL TYPE 


MOISTURE DRIED COAL % 


SEED REGEN. PROCESS 


SBASE DESIGN CASE 


REFERENCE PLANT 1 
► 41 


BASE 

VALUE 

— 

PAR. 

VALUE 

900 

400 

600 

2700 

3000 

1100 

1300 

AIR 

AIR + Oj 

0.80 

.77 

.83 

IQIIIII 

.5 

MONT. 
SUB. BIT. 

ILL. # 6 

5 

10 

FORMATE 

CARB. 

RED 






Fig- 2-4 Comparative Plant Efficiencies for Reference Plant 1 
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the plant size decreases. The increase in cycle air preheat 
temperature from 2700®F to 3000°? results in a gain of plant 
efficiency from 42.5% to 43.2%. (It is noted that the relative 
increase in plant efficiency with increase of preheat temperature 
for an MHD power plant cycle with separately fired high tempera- 
ture air preheater as here considered would be less than expected 
for a mature power plant cycle with the use of a directly fired 
high temperature air preheater.) An increase of the heat input 
of the combustion air used for separate firing of the high tem- 
perature air heater by increasing the preheat temperature of this 
air from 1100°F to 1300°F increases the plant efficiency slight- 
ly or with 0.3 percentage point, because of a corresponding re- 
duction in the fuel heat input required for the high temperature 
air heater. The use of a relatively low degree of oxygen enrich- 
ment of the cycle air (24.1% O 2 by volume) and the same level of 
preheat of 2700°F as in the base case increases the plant effi- 
ciency slightly from the base case value of 42.5% to 42.8% after 
the amount of power required for production of the oxygen neces- 
sary for oxygen enrichment of the cycle air has been deducted. 
However, this plant efficiency of 42.8% is still less than that 
attained by the use of air only with an increase of the air 
preheat temperature to 3000°F (43.2%). A decrease of the chan- 
nel load parameter from the base case value of 0.80 to 0.77 re- 
sulted in the same plant efficiency of 42.5% as in the base and 
an increase of the load parameter to 0.83 decreased the effi- 
ciency with 0.1 percentage point only. This indicates that the 
optimum value of the channel load parameter is 0.80 or there- 
about. A decrease of the diffuser recovery factor from 0.6 to 
0.5 decreased the net plant efficiency with 0.3 percentage points. 
The use of Illinois #6 coal type instead of Montana Rosebud re- 
sulted in a slight increase of the plant efficiency to 42.7% or 
0.2 percentage points. Combustion of Illinois #6 coal dried to 
2% moisture as fired 3'esults in a slightly higher flame tempera- 
ture than combustion of Montana Rosebud coal dried to 5% mois- 
ture as fired. This improved the performance of the MHD gener- 
ator. However, the sulfur content of Illinois #6 coal is signi- 
ficantly higher than that of Montana Rosebud, 3.3% versus 0.85%. 
This increases the energy requirements associated with sulfur 
removal and seed regeneration. The overall result of these two 
opposing effects is that the difference in overall plant effi- 
ciency for the two coal types is relatively small and calculated 
to be 0.2 percentage points. 

Drying of Illinois #6 bituminous coal to its assumed mois- 
ture content of 2% as fired is standard utility practice. The 
assumed basic moisture content of 5% of Montana subbituminous 
coal as fired is considered practical based on experience with 
conventional coal dryin^' processes of high moisture content 
coals. This type of coal is now often dried ro 10% moisture 
content during milling. Drying of Montana subbituminous coal 
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to 10% instead of 5% as fired reduces the overall plant effi- 
ciency by 0.4 percentage points to 42.1% because of a reduction 
in flame temperature and hence MHD generator performance. 

The selection of a carbon reduction process for seed re- 
generation instead of the assumed formate process as assumed in 
the base case reduces the plant efficiency also with 0.4 per- 
centage points. It is emphasized that the design data used for 
the formate seed regeneration process are considered more reli- 
able than those used for the carbon reduction process because 
the formate process is adapted from a proven industrial process 
whereas the carbon reduction process presently only is conceptual 
and therefore has a higher degree of uncertainty. 

Figure 2-5 is a flow diagram of Reference Plant 1 with state 
point conditions for the gas and air sides identified for the 
base case. The state point conditions for the water and steam 
side for this case was identified in Fig. 2-3. 

2.3 CASE II - REFERENCE PLANT 2 

The power cycle configuration of Reference Plant 2 is shown 
in Pig. 2-6. It is based on the use of a separately fired high 
temperature air preheater as in Case I for Reference Plant 1 . 
However, in this Case II, the fuel for firing of the high temper- 
ature air preheater is produced in an entrained bed LBtu gasifier 
of the advanced type. This type of gasifier is presently under 
development by Combustion Engineering, Inc. Figure 2-7 is a 
schematic block diagram of the C-E Gasifier Subsystem. It con- 
sists of an atmospheric pressure gasifier with heat recovery sec- 
tions, particulate removal system and a cold gas Stretford type 
sulfur removal system. The gasifier is blown with preheater air. 
Roughly, 2/3 of the gasifier air is preheated to 1100“F in the 
base design case. The remaining 1/3 of the air which is utilized 
for transport and feed of coal to the gasifier is preheated to 
300 ®F. The first part of the gasifier heat recovery system is 
utilized for production of main steam (2400 psi/1000°F) and it is 
integrated with the main steam generator of the bottoming steam 
plant. 


Final heat recovery is attained by preheating of the LBtu 
gas produced to 900“F in the base design case after sulfur re- 
moval and before firing of the high temperature air preheater. 

This final heat recovery cools the gasifier product gas to 300°F 
at which temperature the product gas enters a scrubbing system 
for removal of particulate matter before sulfur removal. The 
dry char collected in the particulate removal systems is utilized 
as additional fuel for the MHD combustor. The char heating value 
represents roughly 10% of the heat input of coal feed to the gasi- 
fier or about 5.5% of the total fuel heat input to the MHD com- 
bustor for the base design case. 
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Fig. 2-6 Cycle Configuration for Reference Plant 
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Fig. 2-7 C-E Gasification System for Reference Plant 




The heating value of the clean LBtu fuel gas produced for 
separate firing of the high temperature air preheater is 140 Btu/ 
soft for Montana Rosebud Coal feed at 5% moisture content and 
148 Btu/scft for Illinois #6 coal feed at 2% moisture content. 

The fuel gas compositions for the two coal types are listed in 
Table II-IO. 

The parametric design case variations for Reference Plant 
2 are listed in Table II-ll. Corresponding calculated design 
and performance data for the MHD prime cycle of this reference 
plant including the MHD coal combustor and MHD generator channel 
are listed in Table 11-12. Mass and energy balances for the high 
temperature air heater and gasifier subsystems and for the com- 
bined MHD/bottomtng plant otherwise are listed in Tables 11-13, 
11-14 and 11-15, respectively. 

Figure 2-8 is a flow diagram with a heat balance for the 
total steam ant feed water cycle for the base case (p.p.l) of 
Reference Plant 2. The economizer duty is split in low pressure 
and high pressure sections and seven feed water heaters are util- 
ized as in Reference Plant 1, The resulting calculated steam 

cycle efficiency 

practically identical to that for Reference Plant 1. Again, this 
calculated steam cycle efficiency for the base case is used for 
all other parametric points of Reference Plant 2 except for para- 
metric point design Case 11 with the use of Illinois #6 coal in 
which case a slightly lower steam cycle efficiency of 42% has been 
used. 


The overall energy balance of Reference Plant 2 is shown in 
Table 11-16. Figure 2-9 is a bar chart showing the comparative 
calculated net plant efficiency values for the various design 
cases considered for Reference Plant 2. As in Case 1, a lower 
air preheat temperature results in a lower plant efficiency with 
44.8% for the base design case with 3000°F preheat temperature 
and 44.3% for the parametric design case with 2700“F preheat 
temperature. Furthermore, similar to Case 1, increasing the 
preheat temperature of the combustion air and fuel gas to the 
high temperature air preheater increases the plant efficiency 
slightly. A variation of the channel load parameter from the 
base case value of 0.80 to 0.77 and 0.83 respectively, resulted 
in a slight decrease of the plant efficiency of 0.1 percentage 
point. This indicates that the optimum value of the channel load 
parameter is 0.80 or thereabout similar to Case 1. Again, a de- 
crease of the diffuser recovery factor from 0.6 to 0.5 decreased 
the net plant efficiency slightly and with 0.2 percentage points. 
The increase of the diffuser recovery factor to 0.7 had the ex- 
pected opposite effect and increased the plant efficiency with 
0.2 percentage points. 


- 26 - 


^AVCO EVERETT 


TABLE I I- 10 


C-E GASIFIER PRODUCT GAS 
(NO CHAR RECYCLE) 

Coal Type Montana Rosebud Illinois #6 

Gas Composition (% by Volume) 


CO 

27.1 

30.0 

C 02 

3.1 

0.1 

»2 

15.1 

15.0 

H^O 

5.6 

5.4 

^2 

49.1 

49.5 

I 2 S 

Trace 

Trace 


100.0 

100.0 


Gas HHV (Btu/scf) 140.4 148.2 
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TABLE II-12. HMD PRIME CYCLE DESIGN DATA - REFERENCE PLANT #2 
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TABLE 11“ 15. REFERENCE PLANT 2 - KHD/STEAM BOTTOMING PLANT 

























TABLE II-16. OVERALL ENERGY BALANCE - REFERENCE PLANT 12 
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Fig. 2-9 Comparative Plant Efficiencies for Reference Plant 2 
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The parametric design variation considering high pressure 
boiler feed water as channel coolant instead of low pressure 
boiler feed water increased the calculated plant efficiency with 
0.3 percentage point. The use of high pressure boiler feed water 
for cooling of the channel makes it possible to shift to and to 
increase the extraction of low pressure steam from the turbine 
for regenerative feed water heating. This improves the steam 
cycle efficiency which has been raised from the base case value 
of 42.6% (with low pressure feed water cooling) to 43.0% for this 
parametric design case with high pressure feed water cooling. 

An increase of the magnetic field from the base case value 
of 6 Tesla to 7 Tesla raised the overall plant efficiency with 
0.6 percentage points to 45.5% because of improved performance 
of the MHD generator. 

An increase of the seed mass concentration from 1.0 to 1.5% 
improved the MHD generator performance somewhat with a resulting 
increase of the plant efficiency of 0.2 percentage points. 

A reduction of the air/fuel equivalence ratio {<!>) in the 
MHD burner from 0.92 of the stoichiometric value to 0.85 had no 
effect on the calculated plant efficiency which remained the 
same. Two-stage combustion with initial fuel rich MHD combustion 
conditions (<j) < 1) is employed for NOj^ emission control. Initial 
design calculations indicate that an air/fuel equivalence ratio 
of 0.92 will provide the necessary NOj^ emission control for sat- 
isfying NSPS. However, a further reduction of the equivalence 
ratio from 0.92 to 0.85 would enable to reduce the NOx emission 
level to less than half of the specified NSPS NOj^ emission limi- 
tations. Calculations show that this can be achieved without any 
penalty in plant efficiency if the MHD coal combustor performs 
properly under the assumed increased fuel rich combustion condi- 
tions . 


The use of Illinois #6 coal type instead of Montana Rose- 
bud resulted in a slight increase of the plant efficiency similar 
to that as previously explained for Reference Plant 2. 

Supersonic operating conditions of the MHD generator chan- 
nel with a Mach No. of 1.1 resulted in significant reductions of 
the plant efficiency as compared to subsonic operation. The 
plant efficiency was reduced to 43.1 and 43.2% or with 1.7 and 
1.6 percentage points for assumed channel electric load param- 
eters of 0.77, 0.80 and 0.83. The reduction in plant efficiency 
resulted from reduced power output from the MHD generator. As 
discussed later in Section 3.0 under the description of analyti- 
cal channel calculations, it becomes necessary to reduce the 
magnetic field to a maxim'”~ value of 4.5 Tesla for supersonic 
operation in order to lima... ,tie critical electrical operating 
parameters of the channel to reasonable values comparable to 
subsonic operation. 
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Figure 2-10 is a flow diagram with base case state point 
conditions for air and gas. Corresponding water and steam side 
state point conditions are shown on the steam and feed water cycle 
diagram for Reference Plant 2 in Fig. 2-8. 

The parametric variations of the preheat temperature to 
2700®F for parametric point 8, and of the coal type to the use 
of Illinois #6 bituminous coal for parametric point 11 require 
different arrangements of low grade heat recovery from the com- 
bustion gases in order to maintain the same steam cycle efficiency 
as calculated for the base design case. The different arrange- 
ments of low grade heat recovery considered for the base case 
(p.p.l) and for the parametric variations with the use of 2700®F 
preheat temperature (p.p.8) and Illinois #6 coal (p.p.ll) are 
shown in Figs. 2-11, 2-12 and 2-13, respectively. 

2.4 CASE III - REFERENCE PLANT 3 

The power cycle configuration of Reference Plant 3 is shown 
on Fig. 2-14. It employs oxygen enrichment of the combustion 
air. This eliminates the need for a high temperature preheater 
and thus also the need for a gasifier system for production of a 
fuel gas for separate firing of this preheater. The oxygen en- 
riched combustion air is considered preheated to a more moderate 
temperature attainable with a metal recuperative type tubular 
heat exchanger which becomes part of the bottoming heat recovery 
plant. Preheat temperatures from 1000®F to 1400®F are considered 
with 1100®F selected as the preheat temperature for the base de- 
sign case. 

Three different degrees of oxygen enrichment of the combus- 
tion air are considered, namely, 29.2%, 34.1% and 39.1% by volume 
with the middle enrichment value selected for the base case. The 
oxygen required for enrichment of the combustion air is consid- 
ered produced from an oxygen plant which is integrated with the 
power plant. For the degrees of oxygen enrichment involved high 
purity oxygen is not necessary. Our previous analysis of oxygen 
enrichment has indicated that an oxygen purity of around 80% is 
about the optimum for the oxygen plant production in order to 
minimize the associated power requirements and costs. Information 
provided by NASA for use in this study indicate that this concurs 
with initial results from recent parallel investigations of O 2 
plants for MHD power plant applications conducted by Lotepro 
Corporation, a subsidiary of Linde, A.g., W. Germany. The infor- 
mation provided has been utilized in determining the power re- 
quirements and costs associated with the oxygen plants for Refer- 
ence Plant 3. Pertinent O 2 plant data based on this information 
for the three degrees of oxygen enrichment considered are listed 
in Table 11-17. 

The parametric design case variations for Reference Plant 3 
are listed in Table 11-18. Calculated design and performance data 
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64% AIR FOR GASIFIER 19.5 MW 


H9I73 


Fig. 2-11 Low Grade Heat Recovery Arrangement from the Combustion 
Gases for the Base Design Case, Parametric Point 1, of 
Reference Plant 2. 


- 39 - 


^.’AVCO EVERETT 




600°F 275°F 



Fig. 2-12 Low Grado Hoat Recovery Arrangement from the Com- 
bustion Gasses for the Base Design Case, Parametri 
Point 8, of Reference Plant 2 
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I T. HEATERS BOTTOMING PLANT (600 1100 *F ) . 

COMB. AIR FOR H.T. AIR HEATER : 52.4 MW 

64% AIR FOR GASIFIER 18.6 MW 

H9I78 

Fig. 2-13 Low Grade Heat Recovery Arrangement for the Parametric 
Design Variation (Parametric Point 11) with the use of 
Illinois #6 Bituminous Coal. 





-14 Cycle Configuration for Reference Plant 
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for the MHD prime cycle with its MHD combustor aed MHD generator 
are listed in Table TI-19. Corresponding mass and energy balances 
for the combined MHD/steam power cycle are contained in Table 


II-20. 


Figure 2-15 is a flow diagram with a heat balance for the 
total steam and feed water cycle for the base case (p.p.l) of 
Reference Plant 3. As in the two previous reference plant designs 
the economizer duty is split in low' pressure and high pressure 
sections and again seven feed water heaters are utilized. The 
resulting calculated steam cycle efficiency 
Total steam plant output 


is 42.08% 


This calculated 


Total heat absorbed steam plant 
steam cycle efficiency for the base case was used for all other 
parametric points of Reference Plant 3 including parametric point 
design case 8 with the use of Illinois #6 coal. As previously 
discussed undc'ir Reference Plants 2 and 3, a slightly lower steam 
cycle efficiei'.cy can be expected for the use of Illinois #6 be- 
cause of less waste heat required for coal drying. However, for 
Reference Plant 3, the use of Illinois #6 coal requires a higher 
seed concentrat ion (v.1.2%10 than that assumed in all of the chan- 
nel performance calculations (1.0%K) so as to satisfy the speci- 
fied sulfur emission regulations. The seed reueneration process 
for this design case of Reference Plant 3 is based on the use of 
this higher seed concentration for necessary sulfur removal. The 
use of the same high seed concentration of 1.2%K would have im- 
proved the MHD generator performance slightly. Therefore, to 
compensate for the use of 1%K in the channel performance calcu- 
lations, the same steam cycle efficiency as in the base case was 
also used for establishing the overal ' plant efficiency with the 
use of Illinois #6 coal for Reference Plant 3. 


The oveiall energy balance of Reference Plant 3 is shown 
in Table 11-21 and Pig. 2-lG is a bar chart showing the compai'a- 
tive cilculated net plant efficiency values for the vaiious 
design cases considered ol this Reference Plant. 

As in Case I, a decrease of the plant size decreases the 
plant efficiency. The calculated plant efficiency at a nominal 
capacity of 600 or 2/3 of the plant size for the basi' di^sign 

case is reduced witfi 0.4 percentage points f lom tlie base I'ase 
efficiency value. 

A deci'ease of the preheat temperature from 1100”F tor the 
base case to IDOO^F decreases the calculated plant efficiency 
with 0.5 percentage fioints. An increase of the pi'oheat tempera- 
ture to llOO^'F and 1 400*^" resulted in the expected opposite ef- 
fect and increased t tie plant efficiency with I.O pcrcentain' point 
and 1.4 pi'rcentvige points to 44.4% and 44.8% resfn'ct i \'e 1 y . 
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TABLE 11-21. OVERALL ENERGY BALANCE - REFERENCE PLANT #3 
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Fig. 2-16 Comparative Plant Efficiencies of Reference Plant 3 
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A decrease of the degree of oxygen enrichment of the com- 
bustion air from 34.1 vol.% for the base case to 29.2% vol.% 
decreased the efficiency with 0.3 percentage points. An increase 
of the degree of oxygen enrichment to 39.1 vol.% resulted in a 
decrease of 0.1 percentage point only. This indicates that the 
optimum degree of oxygen enrichment of the combustion air is about 
35% or slightly higher. 

The use of Illinois #6 bituminous coal instead of Rosebud 
subbituminous coal increased the plant efficiency only slightly 
and with 0.2 percentage points. Thus, the difference in overall 
plant efficiency for these two coal types is also here for Refer- 
ence Plant 3 calculated to be relatively small as for the two 
previous Reference Plants 1 and 2. 

Figure 2-17 is a flow diagram of Reference Plant 3 with 
base case state point conditions for air and gas. Corresponding 
water and steam cycle state point conditions were shown on the 
previous Fig. 2-15. 
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Reference Plant 















3.0 SUBSYSTEMS/COMPONENTS DESIGN 


3 . 1 MHD CHANNEL 

3.1.1 MHD Channel Calculations and Performance 

The main computer program used for the channel calculations 
is referred to as the PDG 73 program. This program is used to 
calculate the channel loft and operati’'q parameters for specified 
channel inlet conditions, axial veloci profile, magnetic field 
distribution, and electrical loading, xt concentrates on the 
channel core flow, with a relatively crude treatment of the chan- 
nel boundary layer. The program permits calculations of the basic 
channel loft and operating characteristics more readily than other 
channel programs which have a more sophisticated treatment of 
channel wall phenomena including slagging effects and boundary 
layer losses. Therefore, the PDG 73 program was utilized for the 
large number of channel design case calculations involved in the 
parametric analysis which served the main purpose of comparison 
between the various design cases considered. 

The basic channel calculation procedure for the PDG series 
programs is schematically outlined in the diagram on Fig. 3-1. 

Both the electrical and gasdynamic calculation subroutines of 
the model separate the flow into a uniform core and a boundary 
layer. An additional subroutine calculates the composition of 
the plasma assuming chemical equilibrium at each step in the 
channel integration. 

The inlet boundary conditions are established by the various 
selected system parameters for fuel, oxidizer, seed, etc., together 
with assumed combustion design conditions. These also define the 
thermodynamic, thermochemical, and electrical properties of the 
working fluid which were calculated for the various coal-oxidizer- 
seed mixtures involved for the three different Reference Plants 
considered. The exit pressure is determined by the diffuser per- 
formance and the downstream bottoming plant operating conditions. 

The combustor pressure or MHD generator pressure ratio was 
sought optimized in each design case so as to maximize the net 
power output (MHD generator power minus compressor power) from 
the prime MHD cycle and to obtain this with acceptable values of 
the critical electrical and gasdynamic operating parameters of 
the MHD generator. (Axial and transverse electrical fields, 
transverse current, power density. Hall parameter, L/D ratio) . 

As previously mentioned complete and final channel design opti- 
mization requires further design effort which was beyond the 
scope of the parametric analysis of Task I. 
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Calculated channel performance and design data for all of 
the various design cases considered for the three different 
Reference Power Plants 1, 2 and 3 were presented in the separate 
description of each Reference Plant in the previous Section ?. 0 , 
in Tables II-6, 11-12, and 11-19, respectively. 

Channel performance characteristics for the base design 
case of each Reference Plant are summarized in Table III-l. De- 
tailed design data for each of these three base case channel de- 
signs are plotted in Figs. 3-2 through 3-8. The magnetic field 
distribution from channel inlet to exit was kept constant and at 
a value of 6 Tesla for all of the channel calculations in order 
to simpli .y the numerous channel calculations involved in the 
parametric analysis. It is noted that the high values of the 
Hall parameter (ut) in particular and to a lesser degree of the 
transverse field (Ey) occur at the exit end of the channel. 

These high values or the Hall parameter specifically but also of 
the transverse field can be reduced by tapering of the magnetic 
field. Subsequent conceptual design work will consider this 
which also will conform to the real field distribution of the 
superconducting magnet. 

Important MHD channel performance data developed for the 
base case channel designs of the Reference Plants in this study, 
from EGAS, our ETF Conceptual Design study, our CDIF #1B channel 
design work, and from the AVCO experimental Mark VI generator 
are summarized in Table III-2 for comparison. The values of the 
critical channel design parameters such as power density, axial 
field and current density for the early commercial plant channel 
designs developed in this study are of the same order as those 
projected for the channel designs of ETF and CDIF #1B. The ex- 
perimental operation of the AVCO MK VI generator has already 
provided a good basis for operation of larger channels at the 
parametric values indicated. As previously mentioned, the Kali 
parameter (on) and to a lesser degree the transverse field (Ey) 
can be reduced for the early commercial plant channel designs by 
tapering of the magnetic field. 

The enthalpy extraction of the various channels listed in 
this table is plotted in Fig. 3-9 against the thermal input to 
the channels which is a measure of the channel capacity or its 
size. The isentropic efficiency of the various channels con- 
sidered is also identified on this figure. It is clear that size 
plays an important role in establishing the attainable thermo- 
dynamic performance of the MHD generator chanr.el (ne» His) ^nd 
of the MHD prime cycle (h^hd^ thus of the overall net plant 

thermal efficiency. 

Results from calculations of supersonic operation of the 
MHD generator for the parametric design points 14, 15 and 16 are 
listed in Table III-3. These channel calculations were conducted 
both with the original value of 6 Tesla of the magnetic field and 
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CHANNEL CHARACTERISTICS FOP. HASE DESIGN CASE OF EACH REFERENCE PLANT 
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4 


be reduced by tapering of magnetic field. 



Fig. 3-2 Base Case Channel Operating Characteristics for 
Reference Plant 1 
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Fig, 3-b Base Case Channel Operating Characteristics for 
Reference Plant 3 
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Fig. 3 7 Base Case Channel Operating Characteristics for 
Reference Plant 3 
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TABLE Mt - 2 

COMPARATIVE MHD CHANNEL PERFORMANCE DATA 


O 

< 


V) 

< 

a 


u 

cc 

m 

Z 

z 

o 

u 


O o lu 

at 8 X 

£ ” uj 

rt - cc 



N 

H 

> 


X < 

mJ 

H 


flC 

2 

8 I 

< 

< 

4 L 5 UJ 

UJ 

-J 

0 . 

b « X 
0 » 


X o < 

• O uj 

< 8 I 
CJ5 f 


tn 

00 


s ® 


O N 


(N 


o 

rs 


^ n n 

a " i « 


» S » r 

O U) O (S 


q 


o 

in 


q q 

JN 


o 

rt 


tn 

fO 

<s 

rs 

m 

r- 

00* 

S iO 

O) 

(N 


N 



^ o A CM ^ Lfl rxJ tn C9 


8 


8 


rv 

O) 


8 


0> 

b 


q u'> 

b rs! 


s 


H 


U. < 


o UJ 


S X 

0^5 m 00 (0 

o ^ 

^ in g (0 *0 b in 

CO X 
Q. 

S 't 



q 


in 

fs. 

(D 

Csj 


in 

<n 


" iS 
S o 


in 


q 

CO 


pv 

cn 


^ 00 

:: S < 

in 


^ oj q 

00 fs! 

«- in 


u. ffi 

5 I 


9 


q 

rj 


i 


o > 

^ ' 
rf ^ 

< z 


7 8 

» S 


80 

3.4 

0 L 

2.2 

3.9 

2.8 

o 

7 

ps 


(O 

q 

q 

o 

in 


o 

cv 

b 


<n 

CO 

<N 

m 

V 


1 

1 

1 

1 

1 

[ 

1 


CM 

CO 

q 

q 

q 

in 

in 


b 

b 

*— 






9 


s 

z 


M - 5 

t- " z 


s 

z 


E 

> 


E 

> 


>• 

Ui 


n 

-E 

S 

Z at 


at at 




* 

UJ 




X 

X 

UJ 

o 


3 

> 

g 

(J 

Z 

> 

u 

K 

g 

K 

C 3 

< 

H 

W 

tZ 

u 

UJ 

»- 

< 


H 

X 

3 

o 

Q 

UJ 

X 

iZ 

X 

X 

K 

< 

> 

u 

< 

X 

X 

5 

X 

z 

X 

y 

a 

Z 

< 

< 

X 

UJ 

X 

X 

S 

Ui 

K 

K 

Ui 

Z 

a 

< 

X 

$ 

o 

> 

H- 

8 

-i 

3 

X 

►- 

3 

O 

> 

(/> 

z 

< 

X 

X 

-J 

< 

X 

z 

< 

X 

2 

< 

X 

< 

H 

W 

2 

X 

Q 

X 

X 

> 

X 

X 

X 

y 

X 

X 

X 

X 

X 

s 

D 

52 

H 

s 

X 

UJ 

> 

X 

K 

< 

H 

X 

X 

X 

< 

0 

X 

X 

cn 

iL 

Ui 

I 

UJ 

X 

UJ 

2 

X 

< 

< 

< 

Ui 

S 

o 

X 

< 

X 

< 

X 

< 

_J 

< 

X 

S 

Z 

H 

•9 

K- 

z 

X 

3 

X 

X 

h* 

X 


s 

s 

O 

s: 

s 

s 

z 

X 

£ 

X 

cn 

5 


- 64 - 


-^AVCO EVERETT 


CAN BE REDUCED BY TAPERING OF MAGNETIC FIELD 
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with lower field strengths. The results from the calculations 
show that it became necessary to reduce the magnetic field strength 
from the original value of 6 Tesla to maximum 4.5 Tesla in order 
to obtain reasonable values of the channel critical electrical 
operating parameters. 

Supersonic operation of the MHD generator resulted in re- 
duced power output from the MHD generator and the MHD prime cycle 
as compared to subsonic operation. However, it should be noted 
that the cost of the MHD generator magnet becomes less because 
of a lower magnetic field (or a shorter channel length) . 

3,1.2 MHD Channel Mechanical Design 

Mechanical Design - The mechanical design of the channel 
considered for all the cases investigated in the parametric study 
is similar to that developed for the channels in the ETF program. 

It is based on the channel development work conducted at AERL. 

The mechanical construction of the channel is illustrated by 
the cross-sectional drawing in Fig. 3-10. It consists of a four- 
wall box structure made from glass-epoxy insulating material upon 
which tht. gas-side elements are mounted. This insulating box pro- 
vides the principal structural support for the channel. It also 
serves as a pressure vessel to contain the high temperature gases. 
The channel v’ill consist of a number of longitudinal sections 
fastened by flanged joints to facilitate fabrication and assembly. 
Due to the larger size of these commercial baseload channels as 
compared to those for the ETF, the thickness of the sidewall insu- 
lator material must be increased to provide additional structural 
strength. Initial design investigations show this to be feasible. 
Additional insulating structural members can also be incorporated 
on the outer walls of the channel if required. More detailed de- 
sign analysis with stress calculations are necessary to establish 
the final design of the channel. These were beyond the scope of 
these parametric analyses. 

The gas-side elements of the channel will be made from ex- 
truded copper segments with integral cooling water passages. 

These will be attached to the insulating walls with mechanical 
fasteners. The electrode pitch will be of the order of 1.5 cm. 
Inter-electrode insulators will consist of thin pre-formed boron 
nitride segments. The anode surface will be protected from 
electro-chemical attack by a 10 mil platinum cap. 

For all the design case variations considered in this study 
e. ''pt parametric point 4 of Case II (Reference Plant 2) , it was 
assumed that channel cooling would be accomplished by employing 
low pressure and low temperature water from the boiler feed water 
circuit in order to comply with present state-of-the-art in chan- 
nel technology. Parametric Point 4 of Case TI considered the use 
of high pressure and high temperature boiler feed water as channel 
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coolant. This requires advanced channel cooling design concepts 
such as those used in EGAS. 

Channel costs were estimated by initially determining the 
cost of the base case channel of Reference Plant 1 including 
breakdown of the material, fabrication and channel assembly costs. 
The cost for all other channels was then obtained by applying a 
scaling factor assuming that cost was proportional to the total 
channel surface area raised to the 0.7 power. Relevant informa- 
tion gained from experie..::e in building the MK VI and CDIF chan- 
nels was utilized in generating the channel costs. 

The total weight of the base case channel of Reference Plant 
1 was estimated to be 130,000 lbs. The weight of the other chan- 
nels varies roughly proportional to the channel surface area, 

3.1.3 Loading and Consolidation Circuitry 

For a large scale MHD generator, circuits interfacing with 
both the channel and the load inverters are contemplated. These 
circuits serve the dual function of controlling individual elec- 
trode currents, and — ^•^solidating power from several electrodes, 
each at a different ntial, for conversion by a single in- 
verter. The ultimate configuration of these control and consoli- 
dation networks will be determined by considerations of cost, 
efficiency, reliability, flexibility and ef feet ivene • s . 

Consolidation and control circuits are applicable to both 
Faraday and diagonal generators. Representative circuitry for 
both types of generators is shown in Fig. 3-li. It is important 
to note that in addition to applications in regions of power 
takeoff, the consolidation and control circuits can be used to 
regulate the cross-connection currents in the diagonal channel, 
if this is necessary (experience on the Avco Mark VI diagonal 
generator indicates that severe electrode current nonuniformities 
will develop if no control is used) . 

A successful control circuit must satisfy the following 
criteria: (1) the circuit must be essentially nondissipative ; 

(2) it must not short the Hall field in the generator; (3) it 
must not induce destructive arcing along the channel wall; and 
(4) it must provide control over individual electrode currents 
so that the channel can be trimmed (i.e., the process of adjust- 
ing the electrical loading of the channel to achieve a desired 
electrical and gasdynamic operating condition) . 

It is presently contemplated that the channel will be 
loaded in the multi- terminal diagonal mode. Typical circuits 
using five terminal connections are shown in Fig. 3-12 for a 
base load channel. Two types of circuit are shown, designated 
as independent connection and parallel connection. Othei' con- 
nection: , combining these, are also possible. 
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Fig. 3-11 Applications of Consolidation Networks to Both 
Faraday and Diagonally Loaded Channels 
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3.2 SUPERCONDUCTING MAGNET 


The design and cost analyses of the superconducting magnet 
were based on the magnet design concept previously developed in 
the Conceptual Design of the ETF. Magnet size and estimated costs 
were initially developed for the base case of Reference Plant 1. 
Dimensions and estimated costs of the magnet for the various de- 
sign cases of each Reference Plant were then obtained by scaling 
from this first design case. 

Scaling from the ETF size to the commercial size considered 
here was possible because the peak magnetic field in both magnets 
was ehe same (6 Tesla) and the design principles used in esti- 
mating the cost, weight and dimensions of the magnet are equally 
applicable for both sizes. The dimensions of the warm bore were 
based on the channel designs developed. Comparative dimensions 
between the ETF size and commercial size magnets are listed in 
Table III-4. With this information, the required ampere turns 
could be estimated, leading to an '-valuation of the forces and 
other pertinent data for the magnet. 

It is important to point out that the ETF magnet conceptual 
design which formed the basis for the magnet design in this study 
represented a significant departure from earlier conceptual de- 
signs that had been made for both pilot scale and large scale 
base load MHD power plants. This new design concept offers the 
potential of a very significant reduction in the amount of labor 
and cost required for magnet construction and assembly. 

In the current concept the magnet has been designed with 
modules which are small enough to be shipped to the site ready 
for assembly. Small size and light weight were not, in them- 
selves, primary design objectives, but capital cost, and the need 
to conserve helium were co sidered important. It is noted that 
the magnet cost is a significant part of the overall MHD system 
cost. The magnet design objectives were: 

1. All components (with the exception of the vacuum tank) 
should be of modular construction and of a size that 
permits shipment to the power plant site. 

2. The most difficult and the large single item to be 
shipped is the winding. Thereto the magnet design 
was aimed at shop prefabrication of the winding and 
for shipment of the windino in individual containers 
ready for final assembly. 

3. The Lorentz forces originating within the windings 
should be transferred via a substructure within the 
wi’-^ing container, to the container walls and then to 
a '■'table superstructure. 
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TABLE III- 4 


COMPARATIVE MAGNET WARM BORE DIMENSIONS 

Commercial 




ETF 

(Base Case of 

Ref. Plant 1) 

Mean Cross Section 

7 

m*" 

3.55 

7, 

.35 

Channel Length 

m 

7.75 

16, 

.6 
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4. All forces except the weight should be contained within 
the support structure and not reacted either against 
the vacuum tank walls or the bore tube. 

5. The conductor splices should be brought to a separate 
splice vox located in the low field region of the 
winding container where the individual conductor ends 
and winding instrumentation could be accessible for in- 
spection or repair. 

6. All pressure and vacuum seals whether on the vacuum 
tank or on the helium container should be independent 
of the load transferring elements. In this way, the 
containers may be opened and resealed, without inter- 
ferring with the structural integrity of the part. 

7. The vacuum tank would have a single wall with an 80°K 
baffle and superinsulation . There would be removable 
covers that are large enough to permit magnet assembly 
or disassembly within the main frame of the tank. 

The type of geometry chosen for the winding was a combina- 
tion of a saddle coil and a race track coil. The saddle coil is 
an efficient type of winding, however, the maximum field in the 
winding can be significantly reduced by placing a portion of the 
ampere turns close to the symmetry axis of the magnetic field. 

This accounts for the "L" shaped winding space shown in the 
cross section view of the magnet in Fig. 3-13. The magnetic field 
profile is shown in Fig. 3-14. The magnetic field was for all 
design cases of the different reference plants in these parametric 
analysis specified without axial taper. As previously mentioned 
tapering of the magnetic field will be considered in subsequent 
design activities to match the channel requirements. 

A plan view of the magnet, is shown in Fig. 3-15. It is 
housed in a cylindrical vacuum tank which has two large covers. 

It is assembled on its supports inside the tank. The central 
part of the tank is notched at the inlet side so that the com- 
bustor may be brought close to the channel. The magnet windings 
are housed in sealed helium containers which have a 45° rectangu- 
lar saddle shape. The principal direction of the magnetic field 
is horizontal. 

The force containment structure consisting of trusses and 
the tension plates is assembled from individual modules built up 
from flat aluminum plates without welding. In the mating faces 
of the trusses and tension plates, teeth are cut to transfer 
forces. As a result of this new design concept, significant 
savings in projected magnet costs are expected compared to other 
magnet designs that require extensive manufacturing and assembly 
at the power plant site. 
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Fig. 3-15 Magnet Outline with Dimensions for Base Case of 
Reference Plant 1 
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A comparison of dimensions, stored energy and weights be- 
tween the ETF size and commercial size magnets are listed in 
Table III-5. The estimated cost of the commercial size magnet 
was developed utilizing cost data from the ETF magnet and scaling 
in accordance with the weight and complexity of the relative 
parts. Estimated magnet costs in 1977 dollars are shown in 
Table III-6. These costs were subsequently escalated to 1978 
dollars in establishing plant capital costs. 

Table III-7 shows a comparison of pertinent data of magnets 
of different sizes designed for the CDIF, ETF and Early Commercial 
Plant here respectively. All magnets are designed for the same 
maximum magnetic field of 6 Tesla. The ratio of weights between 
the ETF size and CDIF size magnets is about 6 and between the 
commercial size and ETF size about 4. The corresponding stored 
energy ratios are about 10 and 4.5 respectively. The magnet is 
a significant cost item of an MHD power system. Therefore, it is 
important to develop reliable cost data which require a substantial 
larger design effort than that possible in these parametric analy- 
sis. Further magnet design and cost analysis would be an 
important item of subsequent design analysis. The commercial 
size magnet differs from the ETF size magnet in significant ways. 
For example, in order to improve the shipability of the windings, 
it is contemplated to manufacture the superconducting windings in 
four sealed modules. The ETF magnet winding consisted of two 
modules, both of which were of saddle shape. The commercial size 
magnet winding will consist of two saddle shape modules and two 
race track modules. The latter two are easier to wind and there- 
fore expected to be less costly to fabricate. Additional analysis 
of the magnet winding and costs are important as well as of mag- 
net structure and stresses. 

3.3 COAL COMBUSTOR 

The coal combustor employed for all of the design cases for 
the three Reference power plants considered is a single-stage 
combustor design. The main reasons for selection of a single- 
stage combustor were: 

1. Relatively low heat loss. 

2. Effective carbon utilization resulting from rapid 
particle heating and volatilization. 

3. Mechanical simplicity and controls. 

An outline schematic drawing of the combustor with dimen- 
sions for the base case of Reference Plant 1 is shown in Fig. 3- 
16. The combustor consists of a downward firing cylindrical 
chamber where the combustion and slag separation processes are 
performed and a side-mounted horizontal duct where the seed is 
introduced and through which the high temperature combustion 
products are delivered to the MHD channel. 
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Table III-5 


COMPARISON 

OF MHD 

MAGNETS 




ETF Conimercial Size 



(Base 

Case Ref. Plant 

Magnet Height and Width 

m 

10.3 

16.3 

Height - Overall 

m 

11.0 

17 

Stored Energy 

j 

1.7x10^ 

7.8x10^ 

Winding Assembly Weight 

kg 

4.30x10^ 

2.2x10® 

Structure Assembly Weight 

kg 

3.80x10^ 

1.04x10® 

Tank Weight 

kg 

2.89x10^ 

7.6x10® 

Total Weight 

kg 

1.1x10® 

4.0x10® 
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MAGNET COST ESTIMATE FOR BASE CASE REFERENCE PLANT 
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COMBUSTOR OUTLINE 

JI206 

Fig. 3-16 Coal Combustor Outline Schematic with Dimensions 
for Case of Reference Plant 1 
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The pulverized coal and high temperature primary air are 
introduced through a number of equally spaced coaxial injectors 
located near the top of the combustor. A refractory-lined tor- 
roidal shaped inlet manifold with equi-spaced ports supplies the 
primary air to the injectors. The rapid and intimate mixing of 
the fuel particles with high temperature preheated air results 
in a high release of volatiles and efficient utilization of car- 
bon. The coal feed is dried coal pulverized to 70% through 
200 mesh. The combustor was designed for a residence time or 
50 ms. in all design cases. Variations in mass flow and operating 
temperature and pressure were taken into account in establishing 
the size of the combustor for each design case. 

The combustor and its discharge duct are cooled by high pres- 
sure boiler feed water which flows through closely spaced welded 
tubes arranged at the inner wall of the combustor. No refractory 
material is used for lining of the combustor wall. It is antici- 
pated, however, that a continuously replenished slag layer will be 
formed on the combustor walls which will reduce the wall heat loss. 

The overall combustor heat loss for the various parametric 
design cases was calculated from the "best" analytical and experi- 
mental data presently available. Variations in combustor size, 
flame temperature, pressure and operating conditions otherwise, 
were accounted for in establishing the combustor heat loss for the 
different design cases involved. The combustor average wall heat flux 
for the range of cases considered varied from a high value of about 
300,000 Btu/ft^ - hr. to a low of about 200,000 Btu/ft^ - hr. 

The downstream end of the MHD generator channel is considered 
grounded. Therefore, the combustor will be operating at the full 
axial Hall potential developed by the generator. This required 
that the combuctor including structural elements, all feed lines 
(primary air, fuel, seed, cooling water), instrumentation leads 
as well as the slag collection system were electrically isolated. 

The total weight of the combustor for the base case of 
Reference Plant 1 is estimated to be 91,000 lbs.. 

3.4 MHD GENERATOR INLET NOZZLE 

The MHD generator inlet nozzle considered for all the cases 
investigated in the parametric study is similar in a .^dynamic 
and mechanical design to that developed for the nozzle in the ETF 
cone, ptual design. The nozzle assembly consists of water-cooled 
copper modules. These are contoured to provide the proper flow 
area for accelerating the gas flow to the prescribed channel inlet 
velocity . 
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The nozzle geometry is selected to provide a low pressure 
gradient (dp/dx) to facilitate the formation of a uniform slag 
coating rn the nozzle walls which will reduce the wall heat loss. 
Grooves are machined in the nozzle wall and initially filled with 
castable zirconia ceramic to provide attachment points for the 
slag. Experience from operation of the AERL MK VI facility has 
shown that such an attachment scheme is essential to the formation 
of a slag coating in a high velocity region. 

The nozzle has a modular design concept. This is shown 
in Fig. 3-17. The nozzle modules are made of OFHC copper mate- 
rials. A modular design was selected to facilitate fabrication 
and assembly. It also allows for ready repair and maintenance 
by possible replacement of individual modules should any of these 
be damaged in service. 

The nozzle is cooled by high pressure boiler feed water 
circulating through the machined water cooling passages. Total 
nozzle costs were estimateo from a breakdown of material, fabri- 
cation and assembly costs. The estimated weight of the nozzle 
assembly for the base case of Reference Plant 1 is 10,000 lbs. 

3.5 DIFFUSER AND TRANSITION SECTI- j 

The geometry of the diffusers for all the parametric points 
of the three different Reference Plants was based upon the dif- 
fuser conceptual design in the ETF study. An outline drawing 
of the diffuser and transition section with dimensions for the 
base case of Reference Plant 1 is shown in Fig. 3-18. The dif- 
fuser consists of a two dimensional straight wall diverging duct. 
It has an exit to inlet area ratio of 4.0, and a wall half angle 
of 2.5°. This is consistent with present available data for ob- 
taining proper MHD diffuser performance for the relatively thick 
boundary layer flow exiting from the channel. 

The diffuser is composed of an outer pressure vessel made 
from 1/4" steel plate. It has an inner tube wall construction 
which is part of the bottoming heat recovery boiler circuitry and 
provides the necessary wall cooling. I-beair.s are welded to the 
outer surface of the diffuser to provide sufficient rigidity and 
support. The upstream section of the di. fuser will be fabricated 
from non-magnetic stainless steel because of its close proximity 
to the high magnetif field. The remaining dowiiStream section 
will be made from conventional carbon steel. 

The diffuser is followed by a constant area transition 
section which further decelerates the gas to the proper condi- 
tions for entry into the radiant furnace. The area ratio of the 
transition section to the diffuser exit is 2.0. Construction of 
the transition section is essentially the same as thst of the 
diffuser. The heat transfer rates to the walls of the diffuser 
and transition sections conform to incorporating wall cooling as 
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WATER OUTLET 


WATER IN 


COOLING PASSAGE 



TYPICAL WATER COOLING PASSAGE 


H6474 



TYPICAL NOZZLE FRAME 
CROSS SECTION 



Fig. 3-17 Modular Nozzle Construction - Typical 
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part of the evaporative boiler circuit for optimization of the 
bottoming steam and feed water cycle. 

The cost of the diffuser and transition sections were es- 
timated by initially estimating the cost of these for the base 
case of Reference Plant 1 including a breakdown of the material, 
fabrication, and assembly costs. The costs for all other design 
cases were obtained by assuming that the costs were proportional 
Lo the total surface areas raised to the 0.7 power. 

3.6 AIR PREHEATER SYSTEM 

The high temperature air preheater systems for Reference 
Plants 1 and 2 are of the regenerative type with stationary checker 
brick matrices. The preheaters are separately fired with a low Btu 
fuel gas produced from coal to avoid the serious operational 
problems related to seed and ash impurities. As described in 
Section 2.0, half of high temperature preheater system in Refer- 
ence Plant 1 is fired with fuel gas delivered directly from the 
fixed bed gasifier system without prior sulfur removal and the 
other half is fired with fuel gas which has been cleaned of sulfur 
before firing. In Reference Plant 2, the total preheater system 
is fired with a fuel gas all of which has been cleaned both of 
particulate matter and sulfur. This fuel gas was produced in an 
entrained bed type gasifier. 

The preheater systems are designed to provide continuous 
delivery of high temperature preheated air with minimum fluctua- 
tions in pressure, temperature, mass flow rate and oxidizer con- 
tamination at the inlet to the MHD generator. Further, the sys- 
tems are designed for continuous flow of reheat combustion gas 
from the preheater system. Table III-8 summarizes major opera- 
tional requirements. Reliability is a prime design objective 
and the preheater system design is based upon an extension and 
modification of current commercial state-of-the-art blast furnace 
stove systems. Initially, a checker matrix with 3/4" checker 
hole diameter and 0.4" web thickness was selected for design of 
the basic preheater system both for Reference Plants 1 and 2. 
Subsequently, an advancement of the preheater design was briefly 
investigated considering the use of more efficient checkers with 
a smaller hole size of 0.6" as matrix along with a shorter cycle 
time . 


The preheater systems consists in all design cases of 6 re- 
generative heat exchanger units with their own external reheat 
combustion systems. Elevation plan views of the initial pre- 
heater system design for the base case of Reference Plant 1 with 
2700°F air preheat is shown in Figs. 3-19 and 3-20. The matrices 
of checkers with 3/4" hole size are each 28 feet in diameter and 
75 feet high. For the parametric variation with 3000“F air pre- 
heat, the preheater system design is the same. However, the 
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TABLE III-8 


HIGH TEMPERATURE REGENERATIVE AIR HEATER SYSTEM 
MAJOR OPERATIONAL REQUIREMENTS 


1. Continuous Delivery of High Temperature Preheated 
Air With Minimum Fluctuation in Pressure, Temperature 
and Mass Flow Rate at the Inlet to the MHD Combustor. 

2. Continuous Flow of Reheat Combustion Gas from 
Preheater System. 

3. High Thermal Effectiveness Including Minimum Heat 
Loss Through Vessel, Combustion Chamber, High 
Temperature Ducting and Valving. 

4. Minimum Pressure Loss Through Matrix, Valving and 
High Temperature Ducting. 

5. Minimum Leakage Between Fluids. 

6. Low Oxidizer Contamination by Adequate Purge of 
Reheat Gas Prior to Switchover. 

7. Capability of Part Load Operation at Reduced 
Temperature, Pressure and Flow Rates. 

8. Controlled Startup and Shutdown. 

9. For Reference Plant 1, Operation With Both Clean 
and Raw Fuel Gas. 
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Fig. 3-20 Basic Design Case Reference Plant 1, 2700®F Air Preheat 
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matrix is for this case extended to 85 feet high. Table III-9 
is a summary of design and operating data of the initial and 
basic preheater system design developed for 2700°F and 3000°F 
preheat temperature for Reference Plants 1 and 2. 

During normal operation, the preheater system for Reference 
Plant 1 is designed for operation of all 6 units in a staggered 
parallel mode with 3 units on blowdown, 2 on reheat and 1 
switching as shown in the sequencing diagram in Fig. 3~21. In 
this mode of operation, 3 heat exchanger unitr would be fired 
with clean fuel gas and 3 with raw sulfur laden fuel gas. Also 
staggering of the heat exchanger units operation in time and 
mixing of the preheated air streams from the units reduce the 
difference in overall air preheat temperature delivered. This 
again reduces th ? amount of bypass air required for control of 
a constant preheat temperature. 

In the event one heat exchanger unit is inoperative be- 
cause of regular maintenance or forced outage full operational 
capacity would still be available by operation with 2 units on 
blowdown, 2 on reheat and 1 switching as illustrated in the se- 
quencing diagram in Fig. 3-22. Operation in this mode for Ref- 
erence Plant 1 would require that each heater unit operate 
alternately with clean and sulfur laden fuel gas. This could 
be accomplished by diverter valves as shown in Fig. 3-20. For 
Reference Plant 2, the design and operation would essentially be 
the same as for Reference Plant 1. However, the diverter valves 
and their additional associated ducting are not required in this 
case because only clean fuel gas would be used in Reference 
Plant 2. 

Table III-IO summarizes the estimated weights and costs of 
the initial basic air preheater system developed for 2700°F and 
3000 “F preheat temperature. 

Advancement in the design of the high temperature preheater 
system was considered to the extent possible. This is now dis- 
cussed in the parametric analysis. 

In the design of a regenerative heater exchanger system 
consideration must be given to many design factors which effect 
the thermal performance, cost, reliability and availability of 
the system. Important design factors for high temperature re- 
generative preheaters are; 

1. Matrix Volume 

2. Matrix Material 

3. Thermal and Mechanical Stresses 

4. Checker Brick Hole Size and Geometric Porosity 

5. Air Blowdown and Gas Reheat Cycle Time 

6. Reheat Gas Pressure Drop 

7. Matrix Aspect (L/D) Ratio 
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TABLE II 1-9 


AIR PREHEATER SYSTEM 

INITIAL AND BASIC PREHEATER SYSTEM DESIGN 
6 HEAT EXCHANGER UNITS 


2700°F 3000®F 

Air Prehea t Air Preheat 

Matrix Geometry 


Hole Diameter 

in 

.75 

.75 

Geometric Porosity 

% 

39 

39 

Matrix Height 

ft 

75 

85 

Matrix Diameter 

ft 

28 

28 

Operating Units on 

Blowdown/Reheat/Switching 

3/2/1 

( 2 / 2 / 1 ) 

3/2/1 

( 2 / 2 / 1 ) 

Matrix Material 




Composition 


AI 2 O 3 

AI 2 O 3 

Porosity 

% 

18-21 

18-21 

Operating Conditions 




Blowdown/Reheat Cycle 
Period 

min 

22.5/15 

(15/15) 

22.5/15 

(15/15) 

Switchover Time 

min 

3.75 

3.75 

Blowdown/Reheat Specific 
Mass Flow Rate 

2 

Ibm/sec-f t 
(bed area) 

.52/. 62 
(.78/. 62) 

.52/. 59 
(.78/. 59) 

Reheat Combustion Gas 
Inlet Temperature 

°F 

3100 

3400 

Air Inlet Temperature 

°F 

530 

600 

Air Outlet Temperature 

OF 

2930-2653 

3199-2859 

Reheat Combustion Gas 
Inlet Pressure 

atm 

1.2 

1.2 

Air Inlet Pressure 

atm 

7.0 

7.0 

Reheat Combustion Gas 

Pressure Across Matrix 

atm 

.057 

.057 

Air Pressure Drop Across 
Matrix 


.005 

(. 012 ) 

.006 
( .014) 

Matrix Thermal Stress 
2000°F 

Ib/in^ 

666 

( 1000 ) 

810 

(1215) 

Note; Values indicated are for either 5 or 6 units in active 
operation except those shown in parenthesis which are 
based on 5 units in operation with 1 unit down. 
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INITIAL AND BASIC AIR PREHEATER SYSTEM WEIGHTS AND COSTS 
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Different heater matrix designs and operating conditions may 
satisfy the required thermal performance. Thus, other important 
design objectives become to optimize the preheater system in 
terms of cost, reliability and availability. The heater matrix 
volume required determines the size and hence the cost of the 
heater system. Therefore, it is important to minimize the heater 
matrix volume. 

The use of high efficiency checkers of small hole size to- 
gether with relatively short cycle times result in significant 
reductions in the required heater matrix volume. Table III-ll 
lists preliminary design data developed for an advanced commer- 
cial preheater system. It is mentioned that a decrease of the 
checker hole size from originally .75 in. to .60 in. and of the 
total cycle time from originally 45 min. to 35 min., has reduced 
the required matrix volume of the commercial preheater system 
by a factor of 2. Data for this advanced preheater system de- 
sign is compared with data for the first basic high temperature 
preheater system design developed in this study in Table III-12. 
Also, for the purpose of comparison design data for a commercial 
modern blast stove furnace preheater system, for an experimental 
high temperature MHD preheater system, and for a conceptual ETF 
preheater system are listed in this Table. 

A key parameter for comparison of the various preheater 
systems is the specific heat output defined as heat transferred 
per unit time and unit volume of matrix. The value of this 
parameter increases with advancement of the preheater design. 
Current commercial blast furnace stove systems have been built 
and operated with specific heat outputs of up to .98 Btu/sec-ft^. 
The AERL experimental preheat system has operated successfully 
over longer periods of time with specific heat outputs of 5.58 
Btu/sec-ft^. The ETF preheater system was designed for a specific 
heat output to 1.48 Btu/sec-ft^. For the early commercial plant 
design in this study a specific heat output at 2.08 Btu/sec-ft^ 
was initially used for the design of the high temperature air 
preheater system. The subsequent advanced preheater design con- 
sidered increased the specific heat output to 4.35 Btu/sec-ft^ 
which is approaching that obtained with the AERL experimental 
preheater system. 

Estimated weights and cost data for the preheater system of 
the more advanced desitjn is shown in Table 111-13. It is seen 
that the total cost of the preheater system can be reduced to 
roughly 2/3 of the cost of the initial basic preheater design. 

3.7 LBTU GASIFIER 

As f^reviously described in .'Section 2.0, a state-of-the-art 
fixed bed gasifier of the Wellman Galusha type was selected for 
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TABLE I I I- 11 


ADVANCED AIR PREHEATER SYSTEM DESIGN 
6 HEAT EXCHANGER UNITS 

2700°F 3000®F 

Air Preheat Air Preheat 

Matrix Geometry 


Hole Diameter 
Geometric Porosity 

Matrix Height 

Matrix Diameter 

Operating Units On 

Blowdown/Rehea t/Swi t ch ing 

Matrix Material 

Composition 

Porosity 

Operating Conditions 

Blowdown/Reheat Cycle 
Period 

Switchover Time 

Blov/dowi. /Reheat Specific Ibm/ 

Mass Flow Rate (bed 

Ref ^t Combustion Gas 
Inlet Temperature 

Air Inlet Temperature 

Air Outlet Temperature 

Reheat Combustion Gas 
Inlet Pressure 

Air Inlet Pressure 

Reheat Combustion Gas 

Pressure Across Matrix 

Air Pressure Drop Across 
Matrix 

Matrix Thermal Stress 

2000°F 


in 

.60 

.60 

% 

34 

34 

ft 

60 

66 

ft 

22 

22 


2/3/1 

2/3/1 


' 2 / 2 /D 

( 2 / 2 / 1 ) 


AI2O3 

AI 2 O 3 

% 

18-21 

18-21 


10/15 

10/15 

min 

( 10 / 10 ) 

( 10 / 10 ) 

min 

2.5 

2.5 

;ec-ft^ 

1.262/.r.68 

1.262/. 631 

area) 

(1.262/1.002) 

(1.262/. 947) 

op 

3100 

3400 

op 

530 

600 

op 

2945-2615 

3210-2793 

atm 

1.2 

1.2 

atm 

7.0 

7.0 


.086 

.084 

atm 

(.194) 

( .189) 


.042 

.046 


Ib/in^ 1150 1315 


Note : Values indicated are for either 5 or 6 units in active 

operation except those shown in parenthesis which are 
based on 5 units in operation with 1 unit down- 
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include combustion air blower, foundations, overhead cranes, building or 



Rf 'e-' nee Plant 1 and an entrained bed gasifier of the advanced 
t was selected for Reference Plant 2. This latter type of gasi- 
fi i is presently under develop.nent by Combustion Engineering, Inc. 

Design data for these two types of gasifiers have already 
been presented in the separate descriptions of Reference Plant 1 
and 2, respectively, in Section 2.0. These descriptions include 
the eperating characteristics and the arrangements of the two 
different gasifier subsystems, data of the fuel gas produced and 
of the methods used for fuel gas cleaning and sulfur removal. 

In this section, some additional information for the two 
types of gasifiers are presented. 

Table III-14 summarizes pertinent data for the state-of- 
the-art fixed bed gasifier of the Wellman Galusha type. The 
gasifier units are presently of 10' internal diameter bed size. 

For this bed diameter, the unit capacity varies between 3.5 - 
5.0 T/hr with the higher value applicable to the more reactive 
subbituminous coal type. With this capacity, the total number o 
gasifier units required for the base case of Reference Plant 1 
with 2700°F preheat temperature is 28. Correspondingly less or 
more units are required depend iiip upon the plant size and level 
of preheat temperature and rral type for variations in these 
plant parameters. For all parametric design cases one spare 
gasifier unit has been added. 

According to information obtained projections have been 
made for increasing the internal bed diameter of the gasifier 
unit from presently 10' to 25'. The unit capacity is roughly 
proportional to the gasifier cross sectional area. This means 
that the gasifier unit capacity would be increased with a factor 
of 6.25 and number of gasifier units required reduced corre- 
spondingly . 

The estimated costs of the fixed bed gasifier system based 
on the present 10' gasifier unit bed diameter and including the 
necessary gas scrubbing and tar separation and removal sys- 
tems, water treatment system and sulfur removal system are 
listed in Table III-15. 

The C-E gasification system for Reference Plant 2 consists 
of an atmospheric pressure entrainment-type gasifier with heat 
recovery sections, a particulate removal system, and a Stretford 
sulfur removal system. 

The gasifier will be air blown and tangentially fired, 
using conventional fuel supply and firing equipment. One gasifier 
unit will process roughly 150 short tons of coal per hour, pro- 
ducing fuel gas with a heating value of 140 Btu/sef (Montana 
coal). The gasifier will be approximately 180 feet tall with a 
maximum cross sectional dimension of about 30 feet. The reaction 
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TABLE III-14 


SOA LBTU GASIFIER 


Type 

Coal Feed 

Commercial Operation 

Largest Plant in U.S.A. 

Unit Capacity 

Total # Units for 

900 MW (nominal) MHD Plant 

Prod. Gas Heating Value (HHV) 

Prod. Gas Dust Content 
Prod. Gas Tar + Oil Removal 
Prod. Gas S-Removal 
Clean Gas S- Content 
Stretford Unit Cap. 


Fixed Bed (Wellman-Galusha) 

Bit., Sub. bit.. Lignite 

150 Plants Worldwide 

3 Units (Hazelton, Pa.) 

3.5 - 5.0 TPH (10' diam.) 

29 for 2700®F preheat (115 TPH) 
32 for 3000°F preheat (132 TPH) 

140 Btu/SCF (Mont. Sub. Bit.) 

149 Btu/SCF (111. #6) 

No reliable data* 

Scrubber (alt. ESP) 

Stretford 

1 ppm 

0.5 - 90 TPD 


Dependent upon coal type, throughput and operation. 
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chamber will consist of gas-tight, fusion welded tubular water- 
walls supporting an inner refractory lining. The reaction chamber 
will be divided into lower and upper reaction zones separated by 
a reduced cross section throat, or diffuser zone, intended to 
minimize mixing of reactants between the two zones. The lower 
zone of the reaction chamber will be an oxidizing zone in which 
dried pulverized coal (5% moisture Montana coal, 70% through 
200 mesh) will be completely burned in order to fuse the ash in 
the fuel and to produce the heat required for the endothermic 
reduction reactions which will occur in the upper chamber of the 
gasifier (reducing zone) . The remainder of the pulverized coal 
feed to the gasifier will be injected into the lower part of the 
redactor, where devolatilization of the coal and initiation of 
the reduction reactions will occur. These reactions will con- 
tinue throughout the height of the redactor. 

The m.ain combustor air (roughly two thirds of the total air 
flow) is preheated to 1100°F in the base case. The remaining 
air is preheated to 300°F and used to transport the coal to the 
various feed points. It is expected that the oxidizer gas tem- 
p>erature will be about 3200°F. Approaching the heat recovery 
sections, the gas will have cooled to about 1990°F. 

The heat recovery sections will consist of a superheater 
and a fuel gas preheater. The superheater section will produce 
steam at 2400 psi/1000°F, which will be integrated with the 
steam produced by the main steam generator. The fuel gas pre- 
heater will heat the clean fuel gas to 900°F from the Stretford 
exit temperature of about 100°F. The gasifier product gas will 
be cooled to 300°F in the heat exchanger prior to entering the 
particulate removal system. 

The particulate removal system will consist of two spray 
dryers, a multi-cyclone unit, a wet scrubber, and a thiclcener, 
all commercially available items currently used in the process 
industry. The dry char particles collected in the spray dryers 
and cyclones will be used as additional fuel for the MHD com- 
bustor. The remaining particulate will be removed in the scrub- 
ber and recycled to the spray dryers as a slurry. The fuel gas 
will be sent on to the Stretford system for removal of the H 2 S. 

The Stretford sulfur removal system will consist of two 
absorber reaction vessels, two solution tanks, two oxidizer 
tanks, plus several ancillary items. The system is commercially 
available and in current use in the process industry. The sys- 
tem is designed to remove sufficient H 2 S to meet the EPA sulfur 
emissions limit of 85% total sulfur removal. The clean fuel gas 
will leave the Stretford system at about 100°F aid proceed to the 
fuel gas heater in the gasifier convective section, where it will 
be preheated to 900°F in the base case. The preheated gas will 
then bo sent on to the high temperature air heatet . 
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3.8 HRSR 


3.8.1 Steam Generator Including Air and Gas 
Heaters and Economizer 


The steam generator is a balanced draft, controlled circu- 
lation multichamber design, divided into: 

• Radiant Slag Furnace 

9 Seed Recovery Furnace 

• Convective Section and Rear Pass 

• • Economizer/Low Temperature Air Heater 

Key factors which were considered in the steam generator 
design included: 

a) NOy Control - A gas residence time of 2 seconds above 
2900°F is provided in the primary furnace by reducing 
the gas velocity through the furnace and by lining the 
chamber walls with refractory to reduce heat transfer 
and the gas cooling rate. 

b) Seed Recovery - Provision for seed condensation and 
recovery. The seed material which will deposit on the 
various surfaces is removed by incorporation of a large 
number of sootblowers, mostly in the convective pass. 

The seed material removed from the steam generator sur- 
faces will be collected in the dry bottom hoppers pro- 
vided in the Seed Recovery, Low Temperature Reheat/ 
Superheat, and Economizer sections. It is expected that 
roughly one third of the total solids entering the 
steam generator will be removed in this manner. The 
collected material will be processed as necessary. 

c) Final Combustion - Provision for final and complete 
combustion of the substoichiometric MHD generator ex- 
haust gas with the introduction of preheated secondary 
(or burnout) air was included. 

d) Steam Conditions - The design was based on steam condi- 
tions of 2400 psia/1000°F/1000°F. These steam conditions 
were considered preferable for early commercial MHD 
power plant applications to lessen the associated oper- 
ational complexities of supercritical steam conditions. 

The steam generator configuration for the Base Case design 
of Reference Plant 1 is shown in Fig. 3-23. This base case design 
of the steam generator was initially developed. It formed the 
basis for the steam generator designs for all other design cases 
of the three di fforent Reference Plants including the Base Cases 
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Fig. 3-23 ( Foldout ) 
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for Reference Plants 2 and 3. Data for the heat absorbing sur- 
faces of the three Base Case steam generators for Reference 
Plants 1, 2 and 3 respectively, including materials and weights, 
are summarized in Table III-16. Surface assembly details for the 
Base Case steam generator for Reference Plant 1 are presented in 
Table III-17. 

Radiant Slag Furnace 

The Radiant Slag Furnace chamber is designed to cool the 
MHD gas in a controlled manner from the Diffuser outlet condition 
(typically 3650°F) to 2900°F. This chamber will be wet-bottomed 
and lined with a high alumina ram refractory (from 1" to 4" thick) 
The gas will enter horizontally through a single opening near the 
bottom of the chamber and move upward at a velocity of 30 ft/sec. 
The average uniform gas cooling rate will be less than 400°F/ 
sec, which will provide a gas dwell time above 2900°F of about 
2 sec. to ensure NOx emission control. 

Cooling tubes will be SA 210C 2" OD carbon steel fusion 
welded on 2 1/2" centers, with aluminizing on the furnace side 
for corrosion protection. 

Six oil guns (rated at a total output of 1500 x 10^ BTU/hr) 
will be located in the lower region of the slag furnace cham.ber. 
These guns will be used to provide sufficient heat input to the 
chamber during startup and shutdown to prevent excessive temper- 
ature gradients. 

Seed Recovery Furnace 

At the exit of the transition duct from the Slag Furnace, 
the 2900°F subs toichiometric MHD gas will be mixed with preheated 
burnout air for the completion of combustion. The air will be 
introduced throuah six nozzles located on the side walls of the 
duct. With proper mixing, it is expected that burnout will be 
nearly instantaneous at these temperatures. The final flue gas 
composition will contain 5% excess air. 

The gas mixture will enter the Seed Recovery Furnace at an 
elevation roughly one third from the bottom. In the Reference 
Plant 1 design, approximately one half of the High Temperature 
Air Heater exhaust gas will be sent to this chamber for sulfur 
removal. This gas will b^ introduced through ten nozzles located 
on the side walls roughly halfway up the chamber. As the gas 
mixture proceeds through the upper Seed Recovery Furnace, it will 
pass over the radiant reheat wall, the reheat and superheat panels 
and the front superheat pendant before entering the convective 
pass. It is expected that some of the seed material will condense 
on the walls and surfaces in this region. Part of the seed con- 
densed in the gas or removed by sootblowing will fall to the 


^mVCO EVERETT 


- 107 - 


STEAM GENERATOR BASE CASE DESIGN SUMMARY 



iONS 


TABLE I 11-17 


Steam Generator Assembly Details 


Section 

Location 

Tube OD 

Traverse 

Spacing 

Longitudinal 

Spacing 

SH-Low Temp. 

RP 

4m 

6.75" 

A. 5" 

SH- Internal 

CP 

2" 

6.75V 

4.5" 

SH-Panel 

USF 

2" 

A'5" 

2.1" 

SH-Front Pit. 

USF 

2" 

CM 

2.1" 

SH-Finish 

CP 

2" 

9" 

A. 5" 

RH-Low Temp. 

RP 

2h" 

6.75" 

A. 5" 

RH-Rad. Wall 

USF 

2 11/32" 

— 

2 3/8" 

RH-Panel 

USF 

2 1/A" 

A'5" 

2.5" 

RH-Finish 

CP 

2 1/2" 

22.5" 

2.7" 

ITAH-Alr I 

CP 

3" 

9" 

4.5" 

ITAH-Gas I 

CP 

3" 

9" 

4.5" 

ITAH-Alr II 

CP 

A" 

11.25" 

5.5" 

ITAH-Gas II 

CP 

A" 

11.25" 

5.5" 

HP-Econ 

E 

2" 

A. 5" 

A" 

LP-Econ 

E 

2" 

A. 5" 

A" 


USF - Upper Seed Recovery Furnace 
CP - Convective Pass 
RP - Rear Pass 
E - Economizer Section 
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bottom and be collected in the hopper and sent to seed r-^process- 
ing as necessary. 

Cooling tubes will be SA 210C 2" OD carbon steel fusion 
welded on 2 1/2" centers. The tubes will be aluminized for cor- 
rosion protection in the lower 70% of the furnace chamber. 

Convective Section and Rear Pass 


The Convective Section and Rear Pass will contain the bulk 
of the various hanging surfaces. As the gas passes through the 
Convective Section, it will pass over the finishing reheat, air 
preheat, and superheat surfaces, followed by the initial air 
preheat and intermediate superheat surfaces, prior to entering 
the rear pass. The roof is steam cooled, while the walls incor- 
porate a combination of evaporative and steam cooling. 

Additional seed material will fall out of the gas stream 
throughout this section, adhering to the walls and surfaces. 
Numerous retractable sootulowers will be used to remove the seed 
material, which will be collected in the hoppers for reprocessing. 

As tne gas passes through the rear pass, which contains the 
low temperature supeiheat and reheat sections, the gas temperature 
will be lowered to about 700-725°F. At this point, the designs 
for the three Reference Plants differ. In Reference Plant 1, 
roughly half of the MHD gas will be taken off at this point 
through ducts on both sides of the rear pass. This gas will be 
used to preheat the low BTU gas from the Wellman-Galusha gasifier 
and the air and recycle gas to the High Temperature Air Heater. 

The remaining MHD gas will be sent on to the Economizer section. 

In Reference Plant 2, with no gas taken off at the rear pass exit, 
the entire stream will be sent on to the Economizer/Low Temperature 
Air Heater section. In Reference Plant 3, approximately one third 
of the MHD gas will be taken off at the rear pass exit for coal 
drying and processing. The remaining MHD gas will be sent on to 
the Economizer/Low Temperature Air Heater section. 

Economizer Section 


The Economizer Section will cer tain the Hig'' Pressure and 
Low Pressure Economizers, and, in Reference Plants 2 and 3, the 
Low Temperature Air Heaters. Flue gas vrill enter tiiis section at 
725°F and will be cooled to the cleanup inlet temperature of 
275°F. 


In the Reference Plant 1 design, all of the MHD gas entering 
the Economizer 'ection will pass over the high and low pressure 
economizers. In the designs for Reference Plants 2 and 3, the 
entering 725°F gas flow will split, with part of the flow passing 
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over the economizers and the reminaing flow passing through the 
low temperature air heater(s). 

These sections will also include dry bottom hoppers and 
numerous sootblowers for remove 1 and collection of the seed mate- 
rial which might adhere to the various surfaces. 

Superheater Design 

The superheater will be divided into several sections lo- 
cated throughout the upper seed recovery furnace, convective pass, 
and rear pass areas. The specific design details regarding number 
of banks, tube spacing, and total surface area will vary consid- 
erably among the various parametric points. 

The saturated steam will leave the drum and flow through the 
roof tubes of the three sections. The walls of the conv^ective 
pass will also oe steam cooled, in parallel with the roof. The 
stream will then proceed, in sequence, to: the low temperature 

superheat sections, located in the rear pass; the intermediate 
superheat pendant, located in the rear of the convective pass; 
the superheat panels, located in the upper seed recovery furnace: 
the front superheat platens, located in the upper seed recovery 
furnace; and the finishing superheat pendants, located in the con- 
vective pass. For temperature control, two spray desuperheat 
nozzles in series will be provided at the exit of the front platens 
The desuperheaters will be sized to provide up to 75“ temperature 
control at design point conditions. The steam exit conditions 
from the finishing superheat section will be 2415 psia and 1005“F. 

Reheater Design 

The reheater, like the superheater, will I-..’ divided into 
several sections, located throughout the upper seed recovery 
furnace, convective pass, and rear pass areas. The specific de- 
sign details regarding number of banks, tube spacing, and total 
surface area will vary considerably among the various parametric 
points . 


Steam will enter the low temperature reheat sections from 
the exit of the high pressure turbine. The reheat inlet condi- 
tions will be 510 psia, 6G7°F. After leaving the low temperature 
sections, the steam will pass through the walls and hangers in the 
upper rear pass and rear convective pass areas. It will then go, 
respectively, to: the radiant reheat walls, located in the upper 

seed recovery furnace; the reheat panels, also located in the 
upper seed recovery furnace; and the finishing reheat sections, 
located at the inlet to the convective pass. 

For temperature control, desuperheat capability will be pro- 
vided at the inlet to the low temperature reheat section. The 
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desuperheaters will be sized to provide up to 75°F temperature 
control at design point conditions. The steam exit conditions 
from the finishing reheat section will be 450 psia and 1000°F. 

Intermediate Temperature Air and Gas Heaters 

The intermediate temperature air and gas heaters, located 
in the convective pass, will be divided into two major sections; 
the low temperature section and the finishing section. The 
specific design details regarding the number of subsection as- 
semblies, tube spacing, and total surface area will vary consid- 
erably am.ong the various parametric points. 

The composition of the preheated fluid will vary among the 
three Reference Plant designs. In Reference Plant 1, air and MHD 
recycle gas, both at 600°F inlet temperature, will be preheated 
to 1100°F (nominal outlet condition) . The recycle gas plus most 
of the air will be sent to the High Temperature Air Heater. The 
balance of the air will be introduced through the air nozzles in 
the transition duct between the slag and seed recovery furnaces 
for the completion of combustion. 

Each major section will be divided into two subsections, 
one for air and one for recycle gas. The low temperature air 
subsection will consist of four tube assemblies. The low temper- 
ature recycle gas subsection will consist of two tube assemblies. 
Air and recycle gas at 600°F will enter through manifolds at the 
bottom of the assemblies and flow upward, exiting at about 830°F. 
The air and gas will then pass on to the finishing subsections, 
entering through manifolds at the top and flowing downward, exit- 
ing at 1100°F (nominally) . The finishing subsections will also 
consist of four air tube assemblies and two gas tube assemblies. 

In the Reference Plant 2 design, recycle gas •' s not required 
for the High Temperature Air Heater. Air for this heater, plus 
combustion air for tne Combustion Engineering entrained bed gasi- 
fier, will be preheated to 1100°F (nominally) from the 600°F 
temperature . 

In the Reference Plant 3 design, oxygen-enriched main com- 
bustor air will be preheated from the compressor exit condition 
(591°F in the Base Case) to 1100°F (nominally). 

While initial estimated surface requirements for the Refer- 
ence Plants Base Cases are presented in Table III-16, additional 
conceptual design analyses in Taslc II are required for refinement 
of these. 

Economizer Desi^.i 

The economizer will be divided into high pressure and low 
pressure sections. The MHD gas at 700-725°F will first pass 
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downwai'd ovof the hiqh pressure section and then upward over the 
low pressure section, exitinu finally at 275®F. The cubes will 
be oriented hor i :^ontal ly , since particle loadinqs and temperatures 
are expected to be low cnouqh to preclude deposition problems. 

Seed col loot inq hoppers will be located below each section. 

Water conditions enterina the hiqh pressure economizer will 
be approximately 2800 psia and 8'79°F. Conditions into the low 
pressure economizer will be approximately 250 pisia and 216°F. 

These conditions are for the Reference Plant 1 Base Case design. 
Conditions for the various p>arametric points will require addi- 
tional analyses in Task II. 

3.8.2 S tack Cl txin_i nu 

The particulate removal system was desiqned such that the 
total plant particulate emissions would be below the 0.03 lb/10^ 
BTU total fuel input EPA limit. Since it is expected that a 
small amount of particulate material will be sent to the stack 
from the coal pirocessinq system, the clean-up' equipment for the 
main MHO qas stream will be required to remove a very hiqh per- 
centaqe of the total solid material entrained in this stream. 

The selection of an e lec t rostat i c pirecipiitator (ESP) was 
made, based upon required particulate removal efficiency, gas flow 
rates, compat i bi 1 i t y with seed reqenerat ion systems, and wide- 
spread use in utility power plants. 

FSr Pesjan - For the Reference Plant 1 Base Case, the ESP 
was desiqned for a particulate removal efficiency of 99.82':-, with 
a qas flow of appi'ox i ma t el y 1.80 x 10^’ acfm. The particulate 
remova 1 efficiencies and qas flows for the Reference Plants 2 
-ind i Ease Cases were BE. 94';, and 1.5b x 10^' acfm, and 99.81 and 
0.B4 X 10*’ acfm, i espeot i vel y . The reason for the considerably 
lower eas flow for Reference Plant 3 is that the qas taken off 
upstream cM the t'conomizei' section foi' coal p^rocessinq will be 
ole. mod in t tie two-staqe particulate I'emoval system in that area. 
It will not be retmuu'd to the ESP for further cleaning. 

A preliminary desiqn for the Reference Plant 1 Base Base 
is pi'esented in Eiq. 3-24. The dimensions indicated are repre- 
sentativt.' of European- 1 yfH' [practice. Desiqn details for the 
three Ei.ise Case precipitators are shown in Table 1 1 1-18. 

3.9 .STEAM TURBINE GENERATOR 

Tlie steam turbine for the electric qonerator will share the 
bo 1 Ilf steam supply with the turbine drivers for the main air 
comprossiu's . The steam t urbi ne-qenerator for the base cases is 
rated at approx i mate 1 y 500 MW. 
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Fig. 3-24 




The turbine selected for all parametric points will be a 
tandem compound, multiflow, condensing, single reheat unit. 

Steam throttle conditions are 2400 psig, 1000°F. These condi- 
tions of pressure and temperature are typical of modern, central 
electric-generating stations and will allow high steam plant 
efficiencies to be attained. 

As discussed in Section 3.14.1, the steam cycle performance 
has been calculated based on a turbine backpressure of 2 in. HgA. 
The steam cycle has been arranged for seven turbine extraction 
points. Steam to seven feedwater heaters, the heat losses from 
the MHD components, and the boiler I'.igh and low pressure econ- 
omizers heat the feedwater to within 50°F of boiler drum satura- 
tion temperature. Steam to drive the boiler feed pump turbine is 
taken from the crossover betv;een the intermediate and low pressure 
turbines. Steam to drive the main air compressors and oxygen 
plant air compressor is taken from the main steam line (see Sec- 
tion 3.10). 

The extraction points from the tu i ne were chosen to make 
the best use of the available heat losse >'om the MHD components 
and the boiler economizer. The high tempo ture heat available 
from the MHD burner and one-half of the ec -'mizer was used to 
heat feedwater just prior to entering the 1 ier. The location 
of the MHD channel is dictated by the requirement for a maximum 
cooling water temperature of 225°F out of the channel. The low 
pressure economizer was located in the cycle such that boiler 
exhaust gases will be cooled to 275°F with a minimum temperature 
difference of 50°F between the feedwater to the economizer and 
exhaust gases out of the economizer. Since the MHD diffuser is 
incorporated in the radiant section of the boiler rather than in 
the feedwater cycle, more extraction steam can be used for feed- 
water heating. 

The results of the cycle arrangement discussed above give 
steam plant efficiencies (steam turbine power/heat input to 
steam cycle) in the range of 42% to 42.67%. 

3.10 AIR COMPRESSOR AND DRIVE 

Axial flow air compressors will be provided, each with its 
steam turbine drive and inlet filter and silencer. This equip- 
ment is located on the operating floor with the main turbine- 
generator set. 

For the base cases, the air compressor flow rate is approx- 
imately 3.2 (10^) Ib/hr. Pressure ratios vary within a range of 
6 to 9, and power required to drive the compressor ranges from 
110 to 140 MW. The compressors are multi-stage axial flow ma- 
chines without intercooling. 
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The steam turbine drive is a multi-stage, condensing ma- 
chine designed for a back-pressure of 2 in. HgA. The turbine 
throttle conditions are 2400 psig, 1000°F. Using main steam for 
the compressor drive turbine resulted in a bettor steam plant 
efficiency than if hot reheat steam used. 

The flow rate from the compressor is controlled by varying 
the speed and stator vane angle on the compressor. To decrease 
the flow below design, the compressor stator vane angle is varied 
while maintaining rated speed. For flows less than 70% of design 
flow, the stator vane angle remains at the minimum setting while 
the speed is decreased. 

3.11 COAL DRYING, PULVERIZING, AND FEEDING 

The coal drying, pulverizing, and feeding system will be 
required to handle up to 812,000 pph of Montana Rosebud coal. 

The fuel will be transported from the raw coal storage bins in 
a partially crushed state. Analysis of the coals are contained 
in Appendix A. 

The Montana coal will be thermally dried from 23% to 5% 
moisture using hot inert drying gas from either the high temper- 
ature air heater exhaust (Plants 1 and 2) or the MHD exhaust up- 
stream of the economizer (Plant 3) , The coal will be pulverized 
to 70% through 200 mesh. 

For high pressure injection into the combustor, the 
Petrocarb^ lockhopper system will be used. This is considered 
the only proven commercially available injection system which 
can deliver controlled quantities of coal against the 5-10 atm 
combustor pressure used in the open cycle MHD system. 


For low pressure coal injection into the C-E Gasifier 
(Reference Plant 2), Acrison-type gravimetric feeders will be 
used. 

The system layout will be similar to that used in the ETF 
design. Crushed coal from the raw storage bins will be fed into 
the C-E supplied bowl mills (#1003 RP Bowl Mills with 600 hp/900 
rpm motors) by gravimetric feeders. Flue gas from the UTAH at 
700-725°F (MHD flue gas at 700°F for Reference Plant 3) will be 
used for drying. The gas with the entrained pulverized coal will 
be processed next to the cyclone filters where approximately 85% 
of the coal will be removed. The gas with the remaining coal 
will be sent to a baghouse filter where approximately 99.9% of 
the coal will be removed. The filtered gas, now at about 200°F 
and nearly dust-free, will be sent to the stack. 


Pulverized coal from the cyclones yilus ^he fines from tlie 
baghouse collection system will enter the prepared coal storage 
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bins. Total capacity of the bins will be roughly equivalent to 
2 1/2 hours of full load running to 'ro^ide for temporary out- 
ages or overload operation. 

For operation of the C-E gasifier, the coal will then be 
fed to Acrison gravimetric feeders which entrain the pulverized 
coal in 300°F delivery air at slightly above atmospheric pres- 
sure. 

For operation of the MHD combustor, the coal will be fed 
from the storage bins on demand via bin activators and screw 
feeders to scalping screens and finally to the Petrocarb lock- 
hopper system. When the upper hoppers of the Petrocarb system 
are filled, they will be sealed and pressurized to 200-250 psig 
using HTAH or MHD flue gas. With upper and lower lockhopper 
pressures equalized, the isolating valves will be opened, allow- 
ing the coal to drop into the lower bins. When the upper bins 
are empty, they will be depressurized, ready to be recharged. 
Coal will leave the lower bins via two 1 1/2 inch feed pipes 
per bin. Compressed air will be used in the pipes to convey 
the fuel and inject it into the combustor. 

For the Reference Plant 1 Base Case design, four process- 
ing trains, from raw coal storage bin through the Petrocarb 
hoppers, with one spare mill, will provide the dried pressurized 
coal feed for the MHD combustor. The total flow of drying gas 
will be passed through a single large baghouse filter prior to 
being sent to the stack. The atmospheric Wellman-Galusha gasi- 
fier will operate on crushed coal which for Montana coal has 
been dried to 5%. Thus, no pulverizing or pressurizing equip- 
ment will be required for this gasifier. 

For the Reference Plant 2 Base Case design, .‘.n addition to 
the four-train pressurized feed system described ab'^ve, three 
additional trains feeding 5% moisture pulverized coal to the at- 
mospheric C-E gasifier will be provided. 


For the Reference Plant 3 Base Case design, seven pressur- 
ized feed trains, with one spare mill, will provide the required 
flow to the MHD combustor. It should be noted that the seed 
material entrained in the drying gas will be removed in the 
cyclone and baghouse and sent back to the combustor with the 
pulverized coal. This might result in unacceptable loss or 
feeding of this seed. Alternate arrangements, such as incor- 
porating a high temperature electrostatic precipitator between 
the gas take-off point at the steam generator and the coal proc- 
essing system, will be investigated in subsequent design work. 
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3.12 SEED PROCESSING 


3.12.1 Ground Rules 
The analysis assumes: 

a. That the most recent proposed EPA SO 2 regulations 
must be met by the MHD facility, i.e., 85% SO 2 
removal from the combustion gases and SO 2 emission 
not to exceed 1.2 lb/10® Btu fuel input. 

b. That for Reference Plant 1, 50% of the combustion 
gases from the HTAH gasifier system is 100% de- 
sulfurized by methods other than seed regeneration. 

c. That for Reference Plant 2, 100% of the combustion 
gases from the HTAH gasifier system is 100% desul- 
furized by methods other than seed regeneration. 

d. That for Reference Plant 3, all desulfurization 
required must be effected by seed regeneration. 

3.12.2 Methodology 

The analytical rationale applied to generate the data 
reported includes: 

a. The (potassium) Fprmate seed regeneration process 
reported in the AVCO ETF Final Report (1978) was 
the basis for comparison for all parametric points 
except one. 

b. The Carbon Reduction seed regeneration process 
reported in the AVCO ETF Conceptual Design Report 
(1977) was the basis for comparison for Reference 
Plant 1, Parametric Point 11. (Other technical 
concepts, such as a Tomlinson process might also 
be possible.) 

c. The seed regeneration requiremeht was computed for 
each parametric point and the corresponding process 
data was generated by comparison and scale up of 
data developed in the ETF analyses. 

d. The scale factors (parametric analysis case : ETF 
case) applied for the below listed items were directly 
proportional to seed regeneration quantity ratios: 

recovered seed flow 
lime feed 
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process chemical flow - output 
process chemical flow - discharge 
steam required 
275°F. flue gas feed 
auxiliary motors - HP 
net energy requirement 

e. The scale factor applied for plant data was 

(seed regeneration quantity ratio) to reflect 
the assumed volumetric relationship between plant 
size and plant capacity. 

f. The scale factor applied for capital cost estimates 
was (seed regeneration quantity ratio) 

3.12.3 Discussion of Data 

The parametric analysis data for Reference Plant 1, 2 and 
3 are presented in Tables III-19, III-20, and III-21, respectively. 

A. Formate Process 

1. Per the AVCO ETF Study, the recovered seed flow is 
kept 20% above requirements for regeneration to help 
surpress double salt formation in the reactor, to 
help drive the basic chemical reaction to completion 
and to facilitate gypsum filtration. 

2. For Reference Plants 1, and 2, the required supply 
of carbon monoxide (CO) is assumed integrated with 
the HTAH gasifier system. For Reference Plant 3 
an independent gasifier for the seed regeneration 
facility is required. 

3. The coal feed required for seed regeneration and 
sulfur removal is for all design cases and para- 
metric points added to the plant coal input. The 
coal feed requirement was computed from raw coal 
analyses, gasifier efficiency and output gas analyses. 

4. The parametric points which assume Illinois No. 6 
coal feed (Reference Plant 1, Parametric Point 12; 
Reference Plant 2, Parametric Point 11; Reference 
Plant 3, Parametric Point 8) require much larger 
seed regeneration facilities because of the higher 
sulfur content in the coal. The data is particularly 
severe for Reference Plant 3 where there is no 
auxiliary desulfurization scheme and all required 

SO2 removal must be effected by seed regeneration. 
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with the use of high sulfur content Illinois #6 
coal for Reference Plant 1, Parametric Point 12 
and Reference Plant 3, Parametric Point 8, the re- 
quired seed feed to the regeneration facility with 
20% excess seed flow exceeds the assumed seed feed 
to the MHD channel for 1% seed in the gas by 6% 
and 39% respectively. Also, for these points the 
available 275*^F. flue gas from the bottoming plant 
is insufficient to supply all of the heat required 
for the spray drier. In those cases supplemental 
heat for drying is assumed to be supplied by a 
steam/gas heat exchanger. Alternatively, higher 
temperature flue gas could be taken upstream from 
the ESP or a multiple effect evaporator could be 
introduced to reduce the supplemental steam 
quantity required. For all drying options, thermal 
energy used in excess of available 275''’ F. flue 
gas will reduce to some extent the thermal energy 
available for power generation. 

B. Carbon Reduction Process 

1. The carbon reduction process proposed by Atomics 
International Division (now Energy Systems Group) 
of Rockwell International, as evaluated in the 
AVCO ETF Conceptua'' Design Report, was applied to 
Reference Plant 1, Parametric Point 11. 

2. For the conversion of hydrogen sulfied (H 2 S) pro- 
duced by the carbonation of potassium sulfide (K 2 S) 
formed in the reduction step to elemental sulfur, 

a Claus Process facility is assumed. Other process 
options for this conversion, such as the liolmes- 
Stretford Process, are possible. 

3. Estimated data for plant area and capital cost was 
generated from information reported in the Mter- 
ature.* Cost data was converted to mid 1978 basis 
using a 6.5% annual escalation rate. 


* Botts, W. V. & Gehri, D.C., "Regenerative Aqueous Carbonate 
Process for Utility and Industrial Sulfur Dioxide Removal", 
Advances in Chemistry Series, 1975, V. 1J9, pp. 164-179. 


Aldrich, R. G, L Oldenkamp, R. D., "A 100 MW Second Generation 
3 O 2 Removal Demonstration Plant for New York State Utilities", 
39th Annual Meeting of Americal Power Converence, April, 1977. 
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3.13 INVERTER SYSTEM AND rQUIPMENT 


3.13.1 Introduction and General Note 

This section describes the inverter system for a commercial 
scale, entry level, coal fired MHD/Steam power plant. 

In all major respects this system follows the design con- 
cepts presented in the Avco ETF Report. However, in the present 
report some innovations are suggested: use of water coded thy- 

ristors, a single broad band filter for AC harmonics instead of 
individual sharp tuned filters for the major characteristics 
harmonics, a static continuously variable var supply instead of 
switched capacitors for reactive compensation, and adhitional 
inverter control for the MHD channel. It should be emphasized 
that the characteristics of the particular AC power/transmission 
system to which the MHD plant will be coupled will influence the 
final detail design of the inverter system. 

3.13.2 Inverter Bridges 

The inverter components are scaled to 495 MW of nominal MHD 
power, for Plant No. 1 base case. For the otlier two base plants 
with about 560 and 525 MW MHD power, small differences would exist 
in the number of internal components and in the sizing of other 
equipment for the system. 

The plants considered herein operate with diagonal channels 
with five-terminal load circuit output. There are then two com- 
binations of voltages and currents corresponding to the two pos- 
sible external arrangements of the total load, namely the in- 
dependent and parallel connect ions as shown i n previ ous Fiq . 3-i2. The 
actual extraction points or consolidated from electrodes along 
the channel which determine the absolute values of the voltages 
and currents are chosen from the point of v^iew of channel ef- 
ficiency and other considerations. The voltage, current, and 
power levels for the five terminal independent connection and 
the five terminal parallel connection are giv^en in Table ITT-22. 

In the independent load connection a total of 80 k i 1 camps 
have to be processed for the total power into th<-' AC system (grid); 
in the parallel loading connection only 28 oi about one t'aird as 
many. However, the index ratio of MW to KA (which is t!ie \’oltago 
of the loads) is uniformly low in the first case, but increases 
in the second case with the largest block of power havincj also 
the highest voltage. 

We can anticipate that the inuopondent load cf :-,nection will 
probably result in a less simple inverter system, w i r g nore com- 
ponents, higher losses, relatii'ely more nidaindancy reeg, ir'-d for 
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TABLE I I 1-2 2 


VOLTAGE CURRENT AND POVffiR LEVELS FOR 
INDEPENDENT AND PARALLEL CONNECTIONS 

Five Terminal Independent F v => Terminal Parallel 
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a given reliability ami maintenance, and also a somewhat higher 
net cost. Also, more physical space is required. Hence, initial 
considerations appear to favor the parallel load connection scheme 
over the independent connection scheme, althougli more detailed 
consideration must be given to this cjuestion before a sc’ection 
can be made . 

The number of bridges and internal thyristor components are 
indicated in Tables II 1-23 and 24 for the fwo loading connections. 
Assumed component performance is representative of current ex- 
perience or a modest extension thereof and does not require ex- 
tensive development effort. 

For industrial convertors (medium power at low voltage) 
current ratings of about 2500 amper'''S are available but the 
blocking voltage capability is usually something less than 3000 
volts, and usually only a modest number need be put in series. 

We will assume that 2500 ampere ratings with inherent lO'i 
continuous overload capacity will be available at a PIV of about 
3000 volts. 

In HVDC transmissions it has been possible to satisfy the 
current requirements with a single st)ing per bridge ieg, e.g., 
a 1000 MW, + and - 400 kV line is only 1250 amperes per pole. 

Only some few early solid state installations when thyristors 
were still relatively undeveloped, required at most two or three 
strings in parallel. 

3 . 1 3 . 3 C onv e r t e r T r ans former s 

The conv'erter transformer self-cooled (OA) ratings are 
shown in Tables 111-25 and 26. For sake of uniformity sonu' have 
slightly more capacity than actually needed by their connected 
bridges. In all cases the overload capacity for channel loadings 
abov'e normal baseload power is taken by a suitable forced air 
(FA) rating ot 120 or 12 5 

3.13.4 U so o f Wat e r Cooled Thyi'i s tor B ridges 

The total bulk power ami the powei's pei' bridge are largo 
enough to recommend seri tnis considerat ion to water cooled thyivistors. 
This development is rolativL’lv recent, but there are lu^w sufficient 
thyristor-years of HVDC experience that the net reliability may be 
considered c^qual to the pi'ev'icvisl y prevalent forced air cooled in- 
stallations. 

3.13.5 l lar nr^ i ! Fil te rs 

The })ower la aor (?f the invea ter, taking contrc'l modes 
into account, is about 0.84. That is, the 405 MW active p'ower 
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TABLE I I 1-2 3 

FIVE TERMINAL INDEPENDENT CONNECTION 
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CONVERTER TRANSFORMER RATINGS FOR 
FIVE TERMINAL INDEPENDENT CONNECTION 
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is 0.84 of the MVA; reactive power about 0.54 of the MVA, or 
0.64 of the active power, i.e., 0.64 x 495 = 315 MVAR. 

Of this, about half or 150 MVAR may be incorporated into 
the AC harmonic filters, as outlined in the ETF Report. 

The conventional provisions for AC filters to date, as 
adopted for the ETF, is to provide sharply tuned, high-Q filters 
for the first two characteristic harmonics (the 11th and 13th) and 
a high-pass filter for the remainder. Recent developments in 
HVDC technology indicate that equally good filtering may be 
achieved with a high-pass, broad-band, low-Q filter to screen 
all the harmonics, from the 11th up. Such filters because of 
their wide rescnance characteristic need no tuning during oper- 
ation for temperature variations of the capacitor components, 
or for failure of capacitors. 

An HVDC converter of 1800 MW, + and - 500 kV has been de- 
signed with such a new filter and experience with it should be 
available in the near future. 

For the MHD plant of this report, the design would be 
facilitated since the filter will be at the intermediate 22 kV 
AC bus of the converter transformers. In the HVDC case mentioned 
above, the AC voltage is the system 230 kV. 

3.14 BALANCE OF PLANT EQUIPMENT 

3.14.1 Heat Rejection and Cooling Water Systems 

The heat rejection system will condense steam from the main 
stream turbine-generator (STG) and the air compressor turbine 
drives. This system will include circulating water pumps, piping, 
a two pass vertically divided surface condenser and, as specified 
in the RFP, a counterflow mechanical-draft evaporative cooling 
tower. 


Design conditions for the heat rejection system are 77°F 
wet bulb and 93°F dry bulb. Cycle performance is based on 51°F 
wet bulb and 59°F dry bulb. These conditions are such as to allow 
a turbine back-pressure of 2 in. HgA. to be specified for calculat- 
ing cycle performance. The number of cooling tower cells required 
was determined such that 2 in. HgA back-pressure could be main- 
tained at 51°F wet bulb, while less than 5 in. HgA back-pressure 
could be maintained at 77°F wet bulb. The most critical of these 
two conditions, in terms of sizing the cooling tower, is the case 
with the 2 in. HgA back-pressure condition. 

A clean water holding pond is provided on-site to hold 
water for make-up to the cooling tower. Treated wastewater and/or 
ri\^er water is used to maintain a level in the clean water holding 
ba’.'.n. 
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3.14.2 Waste Removal Systems 


Waste collection systems are provided to collect solid and 
liquid wastes and transport them to the proper storage areas. 

Solid wasts include slag, ash, mill rejects and gypsum from the 
formate seed regeneration process. Liquid wastes come from de- 
mineralizers, boiler blowdown, cooling tower blowdown and mis- 
cellaneous floor drains and cooling water. 

All liquid wastes are collected and pumped to the storm 
water and waste water holding basin. Water, deposited with the 
solid wasts, will run off into the storm water and waste water 
holding basin. The dirty water will be treated and stored or re- 
used as required. 

For Reference Plants 1, 2 and 3, mill rejects are collec+-ed 
dry from the bowl r ill and sluiced to dewatering bins. For the 
coal delivered to the combustor, approximately 80% of the ash 
will be removed as slag from the combustor and the majority of the 
balance of the ash will be removed as slag from the radiant section 
of the boiler. The slag is sluiced to dewaterina bins. The small 
amount of ash passing through the radiant section will be collected 
in the downstream sections of the boiler and precipitator with the 
seed. Dewatered slag is trucked to the on-site waste disposal 
area. When the formate process is used for seed regeneration, 
gypsum will be collected and trucked to the on-site waste disposal 
area. 


For Reference Plant 1, ash will be collected dry from the 
Wellman Galusha gasifiers and trucked to the on-site waste disposal 
area. 


For Reference Plant 2, slag will be collected from the 
entrained-bed slagging gasifier and sluiced to the dewatering 
bins . 


The on-site waste disposal area is sized for 30 years of 
waste storage based on the plant operating at a 65% capacity 
factor. The final height of the waste disposal area and dikes 
will be 40 feet. The largest area is required when burning 
Illinois coal and using the formate process for seed regeneration. 

The waste disposal system also includes a water treatment 
plant to clean liquid wastes prior to storing them in the clean 
water holding basin. 
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3.14.3 Coal Receiving, Storage and Reclaim 


Coal is assumed to be delivered by unit train on a spur 
track which services the plant. The cars are of the bottom 
dump type. Coal will be dumped into a hopper from which it is 
moved by conveyor to a radial stacker. The live storage pile 
has a 3 day capacity. Coal can be moved by bulldozer from the 
live pile to the dead coal storage pile. The dead coal storage 
can provide the plant with coal for a 60 day period operating 
at a 65% capacity factor. 

Coal reclaim can be accomplished from hoppers below the 
live storage pile or from hoppers adjacent to the dead storage 
pile. From the reclaim hoppers, conveyors transport the coal to 
the top of the crusher tower. In Reference Case 1, coal is 
transported from the crushers directly to the Wellman-Galusha 
gasifier and to the pulverizer silos for the combustor. For 
Reference Cases 2 and 3, all the crushed coal is transported 
directly to the pulverizer silos. Pulverized coal is trans- 
ported pneumatically to the gasifier and combustor in Reference 
Case 2. In Reference Case 3, all the pulverized coal is pneumat- 
ically transported to the combustor as a gasifier is not used. 

3.14.4 Feedwater, Condensate and Steam Systems 

The condensate and feedwater systems incorporate six closed 
feedwater heaters, one open deaerating type heater, the MHD 
channel and the combustor. In addition, there are two half 
capacity condensate pumps and one full-size turbine driven 
boiler feed pump. 

The condensate pumps discharge through heater No. 1 and 
the MHD channel. A lift pump takes suction from the channel 
outlet and pumps the condensate through the low pressure boiler 
economizer and heaters No. 2 and 3 to the deaerator. One full- 
size turbine-driven boiler feed pump takes suction from the 
deaerator and pumps the feedwater through heaters No. 4, 5, 6, 
and 7, the high pressure boiler economizer and the MHD burner to 
the boiler drum. The MHD diffuser has been incorporated into 
the radiant section water circuit of the boiler. 

The MHD channel is located such that the condensate temp- 
erature is compatible with the electrical insulating material 
which has been used successfully, for connecting the generator 
electrodes to pipes carrying the cooling water supply. A 
deaerator and polisher are included in the condensate cycle to 
minimize oxygen and corrosion products in the feedwater. 

A variation in the system described above was used in 
parametric point 4, Reference Case 2. For this point, the in- 
crease in steam plant efficiency was investigated by allowing 
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high pressure and temperature boiler feedwater to cool the MHD 
channel . 

In Reference Cases 1 and 3, all of the steam is raised in 
the steam generator using heat from the channel exhaust gases. 

In Reference Case 2 , a portion of the feedwater is fed to the 
gasifier where steam is generated to main steam conditions, 

2400 psig and 1000*^?. 

3.14.5 Miscellaneous Mechanical Systems and Equipment 

A fuel oil storage and supply system will be provided -for 
receiving, storing and forwarding the No. 2 distillate. The 
distillate will be primarily used for the house heating boiler, 
the diesel engine generator and start-up of the HTAH and boiler. 

An auxiliary boiler will be provided for house heating 
steam and to provide steam for turbine warm-up, steam seals and 
other miscellaneous start-up functions. 

Water treatment and chemical feed systems will be included 
to provide high purity demineralized water for boiler makeup, 
feedwater treatment, condensate polishing, cooling tower acid 
treatment, cooling water chlorination, and pH adjustment of re- 
cycled wastwater. 

Other systems included are as follows: fire protection, 

condensate make-up including storage tank and pumps, service and 
instrument air compressors and driers, non-potable service water 
system and potable water system. 

3.14.6 Electrical System 

The electrical system includes the following: 

Transmission I’acilities 

Auxiliary Power System 

Control Panels atid Monitoring Systems 

Emergency Power System 

Lighting Systems and Equipment 

Communications System and Equipment 

Cable, Raceways, Hardware, and Grounding Systems 

Start-up power will be provided for the transmission facil- 
ities through a Start-up/Standby Transformer to the Medium Voltage 
Switchgear to provide electrical energy for the station auxiliaries. 
During operating conditions a Unit Auxiliary Transformer will 
provide auxiliary power from the Steam Turbine-Generator output 
bus, with the Start-up/Standby Transformer providing a backup 
source in the event of any power failure. 
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Controls for the entire station will be provided in panels 
in the Main Control Room with local operating panels as required 
for mechanical systems. The Main Control Room will also contain 
the primary alarm and monitoring systems which include a computer 
CRT and handwired solid state annunciator system. 

An Emerguncy Power System will be provided to ensure safe 
and reliable shutdown of the station and power for blackout con- 
ditions. The emergency system will consist of battery banks, 
battery chargers, uninterruptible A-C control power system and a 
diesel generator for shutdown auxiliary power. 
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4.0 PLANT LAYOUTS 


The Plant Island drawings for Reference Plants 1, 2 and 3 
are bhown in Figures 4-1, 4-2 and 4-3, respectively. Figure 4-4 
is a section taken along the centerline of the MHD components of 
Reference Plant 1. It is representative also of Reference Plants 
2 and 3. 


The Plant Island arrangement is basically the same for each 
of the three Reference Plants. The major difference is that Ref- 
erence Plants 1 and 2 have High Temperature Air Heaters and asso- 
ciated gasifiers whereas Reference Plant 3 has an 02~plant instead 
which is located outside the Turbine-Generator building. 

Buildings are shown to house the turbine generator and air 
compressors, the MHD components, the inverter equipment, the main- 
tenance area and offices for administrative personnel. The ar- 
rangement of the buildings, location of overhead cranes, and the 
entrance of the railroad tracks into tne buildings provide for 
accessibility and ease of maintenance for all the major components. 

Figure 4-4 shows the relative elevations of the equipment 
along the centerline of the MHD components. The channel center- 
line is 45 ft above grade. The HTAH outlet is put at the eleva- 
tion of the burner inlet to provide a direct and short refractory 
lined gas duct to the burner. As a result, the HTAH and burner 
slag collection equipment are in a pit. The channel centerline 
elevation was chosen to minimize excavation for the pit, keep the 
MHD components reasonably close to grade, and to provide adequate 
clearance below the boiler for slag i.nd seed collection equipment. 

Other pieces of aixiliary equipment are located suitably 
around the Plant Island. The coal and seed feed systems are as 
close as possible to the burner to minimize response times. The 
main steam turbine and the steam turbines for driving the air com- 
pressors are located in close proximity to the steam deaerator and 
the turbines share a common condenser. The stack is centrally lo- 
cated so as to be near both the ID fan and waste heat recovery 
equipment. Electrical leads from the inverter and main generator 
leave the plant on the same side. The control building is cen- 
trally located for convenience and ready access to all parts of 
the plant. The MHD building has as part of its equipment laydown 
area, a limited access area where the magnetic field is above 
200 G. This space will be considered an unsafe work area when 
the unit is operating. 
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5.0 PLANTS ESTIMATED COSTS AND COST OF ELECTRICITY 


5.1 CAPITAL COSTS 

The summary estimate format and code of accounts supplied 
in this report has been developed in accordance with the Depart- 
ment of Energy's directives, and closely follows standard esti- 
mating practices. Detailed project cost estimates are shown in 
Tables 5-1, 5-2 and 5-3 for parametric point 1 of Reference Cases 
I, II, and III. Summary estimates are given on Tables 5-4 through 
5-Jl for all of the parametric points beginning with Reference 
Case I , parametric point 1. The cost elements identified for each 
line item are those costs for materials (divided into major com- 
ponents and balance of plant), costs for field installation, in- 
direct costs, a specific contingency, and a total cost for that 
item. Costs are in mid-1978 dollars and are shown in thousands 
of dollars. "Major Components" have been identified as those 
items which are engineered, designed, fabricated, shipped, and in 
some cases erected, by one supplier. For the MHD facility, these 
costs are analogous with components of high technology and which 
are research oriented. 

"Balance of Plant" items are normally designed, engineered, 
and purchased by the engineer. All material costs include charges 
for delivery to the site. 

The "Installation" portion of the direct cost includes wage 
costs for all manual labor, foremanship, and all wage related ben- 
efits and costs mandated by labor agreement. Payroll taxes, pay- 
roll premium costs and workmen's compensation insurance costs are 
built into the wage rate of direct labor costs. Also included is 
special construction equipment associated with certain civil work 
items to which the costs can be charged directly, and also con- 
tractor fees. Auxiliary labor for unloading, storing, sorting 
materials and equipment, general and final cleanup, and other 
miscellaneous activities directly associated with the installation 
of the work area are also charged to the direct account. 

"Indirect Costs" for construction are those cost items 
which include facilities, equipment and services that are re- 
quired to directly support the construction operations, but 
which cannot be conveniently charged by the constructor or gen- 
eral contractor directly to a single estimating account. For 
conceptual estimates, indirect construction costs are expressed 
as a percentage of the direct cost. Field offices and temporary 
facilities, transportation, safety equipment, construction tools 
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^AVCO EVERETT 


Oth> r Hill r..,>|.lng Rquipmint 40.732 10.S64 S.432 S.703 *2,731 

laslfltr Systo. 40.732 10.864 5,432 5.703 *2.731 


TABLE 5-2 Parametric Point 

:tric study -project cost estimate 
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TRIG STUDY -PROJECT COST ESTIMATE 





W.ittr TroalnicnC Systea 761 220 110 109 1,200 

W.iCer SiipiJy System — 710 303 152 116 1,281 
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PARAMETRIC STUDY -PROJECT COST ESTIMATE 




SeeJ SuDsysten. — 13,245 4,795 2,398 2,044 22,482 

Seed Kt-uc norat ion Process 12,045 4,455 2,228 1,873 20,601 

Seed Injortion System 1,200 340 170 171 1,881 

Other MHO Topplnj; Equipment 


:tric study-project cost estimate 
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0 ) Ooinbiiylur 207 . Uulmico lOZ 

(2) Inverters lOZ El. Consol. Clrc. 20Z 

(3) High Temperature Air Heaters 20Z Balance lOZ 


MAJOR 

DESCRIPTION COMPONENTS BOP DIRECTS INDIRECTS CONTINGENCY TOTAL 
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(1) Comhu8(ur 20t Daluiice lOZ 

(2) Inverters lOZ El. Consol. Clrc. 20Z 

(3) High Temjierature Air Heaters 20Z Balance lOZ 
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^AVCO EVERET 1 




(1) ComLuster 203! Balaticu 1031 

(2) Iiivurtera 3 02 Kl. Consol. Clrc. 202 

(3) TcinpcraLurc A(r iloaLurs 202 Balance! 102 


MAJOR 

l>i:sci< U-J'ION COMRONliN'i'S HOI' HIRECTS INOIRECTS COHTINGEHCY TOTAL 



^AVCO EVERETT 
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^mveO EVERETT 


J 50.0 Transmi bsion & SWYD - 3,744 533 267 453 4,997 

SUblOTAL DXnECTS 120.089 298,309 110,272 55,142 72,149 655,961 

Eiuuncor inij/Otlier Costs 65,596 


(x 1000 $) CASE II PARA 
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and equipment, expendable supplies, non-manual labor, construc- 
tion services and testing contracts, and insurance and bonds are 
all examples of indirect costs. 

"Contingency" represents the total contingency that has 
been applied to each line item. As Owner coiranited monies for 
purchased material and negotiated contracts proceeds towards 
100% of total project cost, necessary contingency factors may 
be reduced in a manner to reflect lessened possibilities of un- 
foreseeable circumstances occurring before project completion. 

As project engineering nears completion, estimating may deal 
with more precise information and can more accurately predict 
material quantities and respective project costs. Items in- 
corporated into contingency management considerations include: 

Design (but not major scope) changes 

Market conditions 

Labor productivity 

State of project definition 

Unreliable and noncurrent estimating data 

Unpredictable field conditions 

Instabilities of material and labor markets 

Uncertainties in project timing 

Errors and omissions 

Weather 

Short term strikes, walkouts, and other labor disputes 

Other unforeseeable occurrences and conditions which would 
delay or otherwise increase material and/or installation 
costs. 

The contingency factors used in this report reflect varying 
degrees of development and uncertainty and reflect an increasing 
familiarity and competence for estimating these MHD facilities. 

In the case of Balance of Plant (BOP) structures, improvements 
and well defined mechanical systems, a 10% factor is used. For 
the higher technology components, a factor of 20% is used. 

"Total Cost" represents the total for all material, instal- 
lation, indirect and contingency costs for each account. 

Professional services include project management, licensing 
and preliminary engineering, detailed design and engineering, con- 
struction management, procurement services, architectural design, 
shop inspection, expediting, and start-up and testing. For this 
project, professional services have been subdivided into preliminary 


- 188 - 


.^AVCO EVERETT 


engineering (2% of total direct and indirect costs) , detailed 
design and engineering (4% of same costs) , and construction 
management (2% of same costs) . 

The "Other Costs" category includes such items as the 
Owner's field staff, legal fees and ad valorum taxes. A facte • 
of 2% of the Direct and Indirect Sub-Total costs was assumed for 
this category. As directed by DoE, no costs for escalation or 
allowance for funds during construction (AFDC) have been included 
in these capital cost estimates. However, for developing costs 
of electricity, escalation and interest during construction were 
added using DoE guidelines. 

A Capital Cost Curve is presented, shown on Figure 5-0, 
which compares the cost per kilowatt of electricity vs the mega- 
watt size of proposed unit. Each parametric point is plotted and 
curves developed for each of the three Reference Plant Cases. 
Another Capital Cost Curve is shown which indicates the average 
cost for a regular coal fired steam electric power plant located 
in Middletown, U.S.A. The dashed verticle lines represent the 
range in cost for standard coal-fired steam plants and options. 

In all cases, escalation and interest during constr ction are not 
included in the costs shown. 

5.2 COST OF ELECTRICITY 

The cost of electricity (COE) has been calculated for each 
parametric point. The economic parameters which are the basis 
for calculating the COE are shown on Table 5-32. Items 1 through 
3, and 5 through 12 were specified by DoE. Item 4, the construc- 
tion time, was developed by the contractor. Item 11, labor rates, 
were specified by DoE to be Middletown, U.S.A. labor rates. The 
range of labor rates given represents the high, low and average for 
the country. Item 13 is the levelizing factor for O&M and fuel. 
This was used for calculating the levelized COE. The specified 
escalation and interest during construction factors, which are 
the result of Item 6, 7 and 8 on Table 5-32, are shown on Table 
5-33. 


For Reference Plant 1, a summary of power output and cap- 
ital costs is shown on Table 5-34. A summary for the COE is 
shown on Table 5-35. Tables 5-36 through Table 5-39 present 
similar data for Reference Plants 2 and 3. The cost summaries 
include interest and escalation during construction as calculated 
from the factors on Table 5-33. The COE has been calculated by 
three methods as indicated on Tables 5-35, 5-37 and 5-39, for 
Reference Plants 1, 2 and 3 respectively. Note that the COE shown 
on these tables corresponds to the average labor rate, $21 /hr. 
Varying the labor rate will be discussed later. The levelized 
method of calculating COE is discussed first. The second two 
methods for calculating the COE were discussed in the NASA eval- 
uation of ECAS , Phase 1 (See NASA TM X-71855) . 
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AVCO / MAGNETOHYDRODYNAMIC ELECTRIC PLANT 
CAPITAL COST CURVES 
MHO PARAMETRIC STUDY 


MIOOLETOWN , 
STANDARD 
COAL-FIRED 
STEAM PLANTS 
W/SO2 REMOVAL 



VARIANCE IN COSTS 
OF STANDARD COAL 
FIRED STEAM PLANTS 


) 400 600 800 

1000 

MW SIZE 


COSTS WITHOUT ESCALATION AND INTEREST 
FOR FUNDS DURING CONSTRUCTION 


Figure 5-0 

MAI INI 
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LEVELIZED COE - miUs/kWhr 




TABLE 5-32 


ECONOMIC PARAMETERS 


1. 

PLANT LIFE 

30 Years 


2. 

PLANT SITE 

Middletown, 

USA 

3. 

CAPACITY FACTOR 

65% 


4. 

CONSTRUCTION TIME 




900 MW Plant 

69 Months 



600 MW Plant 

61 Months 



400 MW Plant 

56 Months 


5. 

FIXED CHARGE RATE 

18% 


6. 

ESCALATION DURING CONST. 

6.5% 


7. 

INTEREST DURING CONST. 

10% 


B. 

PERCENT EXPENDITURE VS TIME 

Specified " 

s" Curve 

9. 

ECONOMIC BASE YEAR 

Mid 1978 


10. 

FUEL COSTS (COAL) 




High 

135«/MBtu 



Average 

105C/MBtu 



Low 

50C/MBtu 


11. 

LABOR RATES 




Base 

$21.00 per 

hour 


Low 

$15.46 per 

hour 


High 

$25.35 per 

hour 

12. 

PLANT PERFOR.MANCE FOR COE 

Full-Load Heat Rate 

13. 

FUEL AND O&M LEVELIZING FACTOR^ 2 )l . 94 



(1) Includes construction contractor's cost adders of 45%. 

(2) G. R. Fox, Proc. Amer. Power Conf. 1978, pg 474. 
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TABLE 5-33 - ESCALATION AND INTEKEST COST 


factors 


[Escnlation Interest “ Total. Annu.al rates: esca- 
lation, C. 5 percent; interest, 10 percent.] 


Time from 
start of 
design to 
powcrplant 
completion, 
yr 

Escalation 

Interest on 
colligated 
funds 

Total 

1 

Cost factor 

0 

1.000 

1 

1.000 

1.000 

.S 

1.018 

1.022 

1.040 

1.0 

1.037 

1.044 

1.081 

1.5 

1.056 

1.06U 

1.12.S 

2.0 

1.07G 

1.094 

1.170 

2.6 

1.006 

1.122 

1.218 

3.0 

1.116 

1.151 

1.267 

3.5 

1.137 

1.162 

1.319 

4.0 

1.168 

1.214 

1.372 

4.6 

1.179 

1.249 

1.428 

6.0 

1.202 

1.28S 

1.487 

6.6 

1.224 

1.324 

1.548 

6.0 

1.247 

1.365 

1.612 

6.6 

1.270 

1.409 

1.679 

7.0 

1.264 

1.46‘1 

1.748 

7.6 

1.319 

1.50:i 

1.822 

6.0 

1.344 

1.5&I 

1.898 

6.5 

1.369 

1.609 

1.978 

6.0 

1.395 

1.666 

2.061 

6.6 

1.422 

1.726 

2.148 

10.0 

1.449 

1.790 

2.239 
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Incluiies 1% inverter losses and .5% transformer losses 
capital costs are in mid-1978 dollars. 


RKFBRBWCE CASE 



FIRST YEAR COMMERCIAL OPL^TIOW COE {tr.i Us/kWhr } 
Labor = S2i/hr 
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POWER OUTPUT AND CAPITAL COST SUMMARY 
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In all cases the tables indicate the COE due to capital, 

O&M and fuel. The fuel portion of the COE is based on full load 
heat rates and a 65% capacity factor. The O&M portion of COE for 
all methods is based on the following items; station personnel, 
lime and seed makeup for the seed regeneration process, channel 
overhaul every 5000 hr, one HTAH matrix renewal per year, costs 
for on-site waste disposal, and fuel oil requirements. 

The first method presented on the COE summary tables uses 
levelized costs. In this method, capital, fuel and O&M costs, in 
mid-1978 dollars, are levelized. The COE due to capital costs is 
calculated by applying the fixed charge rate of 18% to the total 
capitalization shown on the cost summary tables. Since interest 
and escalation during construction are included in the total cap- 
italization, the fixed charae calculated must be deflated to mid- 
1978 dollars from end of construction dollars. These costs are 
deflated at 6.5% oer vear. Fuel and O&M costs are calcnlated in 
mid-1978 dollars and levelized by the factor shown in Item 13 on 
Table 5-32. The method described above for calculating the COE 
due to capital costs is as follows: 


COE - Capital = 


FCR (Total Capitalization in $) ^ 1 

(1+e)’^ (Net Plant Power in MW) CF x 8760 


where FCR = Fixed charge rate - 18% 

e = Escalation rate - 6.5%/yr 

m = Construction Period - yrs. 

CF = Capacity Factor - 0.65 


The second method presented on the COE summary tables uses 
the "First Year of Commercial Operation COE" approach. The COE 
due to capital costs is the result of applying the fixed charge 
rate of 18% to the total capitalization shown on the cost summary 
tables. Since interest and escalation during construction are 
included in the total capitalization, the fixed charge calculated 
must be deflated to mid-1978 dollars from end of construction 
dollars. As was done in the NASA review of ECAS, all costs are 
deflated at the general escalation rate of 6.5% per year. This 
results in the same COE due to capital costs as discussed above 
for the levelized cost method. Fuel and O&M cores are also es- 
calated to the first year of commercial operation and then con- 
verted to mid-1978 dollars. Since each is deflated at the escala- 
tion rate, the actual values remain unchanged. These fuel and 
O&M costs are less than the corresponding levelized costs by a 
factor of 1.94, the levelizing factor. 


The third method presented on the COE summary tables gives 
the "Average Life Cycle COE." The COE due to capital is found as 
follows; Determine the annual fixed charges in mid-1978 dollars 
by applying the fixed charge rate to the total capitalization and 
deflating this to mid-1978 dollars. Then calculate the average 
annual fixed charge over the life of the plant by deflating the 
fixed charge in mid-1978 dollars for each year of plant life. 
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adding the deflated dollars for each year and dividing by 30 
years, the plant life. This is equivalent to the following ex 
pression: 


COE - Capital 


FCR [Total Capitalization - $1 ^ 
(1+e)"* (30) 


1 + — i — y + .. + — — 

1.065 1.065^ 1.065 

where : 

FCR = Fixed charge rate - 18% 
e B Escalation rate - 6.5%/yr 
m = Construction Period - yrs. 

CF = Capacity Factor - 0.65 


(Net Plant 
Power - MW) 


'cP 8760 


Fuel and O&M are also escalated to each year of plant oper- 
ation, then each year is deflated to mid-1978 dollars, added and 
divided by 30 years, the plant life. Again, since costs are de- 
flated at the general escalation rate of 6.5%, the actual values 
remain unchanged. This results in values of COE due to fuel and 
O&M being equal to those calculated in the "First Year of Com- 
mercial Operation COE" method. 


The First Year of Commercial Operation COE" tends to make the 
capital cost portion of COE more significant than the fuel or 06M 
portions. The other two methods essentially consider the fact that, 
in present year dollars, the fuel and O&M escalate over the plant 
life while the capital portion stays constant and is therefore less 
significant than in the First Year of Commercial Operation COE method. 
The COE calculated by all methods is presented on Tables 5-34, 5-37 
and 5-39 for Reference Cases I, II, and III respectively. As can 
be seen for the average labor rate of $21/hr, the parametric point 
with the lowest COE is the same for all methods. That is, for 
References Cases I, XI, and III, parametric points 5, 4, and 7, 
respectively, have the lowest COE for all methods discussed above. 


As specified by the RFP, the effect of varying the fuel 
cost and labor rate was investigated. Intuitively, one would 
expect that these changes would not affect the relative differ- 
ences in the COE of the parametric points. This is due to the 
fact that the plants are of the same type and therefore equally 
capital intensive, so that a change in labor rates (thus capital 
costs) would have an equal effect on all parametric points. 

Also, the efficiencies of all parametric points are very close. 

Thus, a change in fuel cost would also affect all parametric 
points equally. To confirm the above. Figures 5-1, 5-2, and 5-3 
show the levelized COE vs fuel cost for labor rates of $15. 46/hr, 
$21/hr and $25. 35/hr, respectively. This comparison was made for 
the two parametric points from each Reference Case with the lowest 
COE. As can be seen, varying the fuel cost with different labor 
rates does not change the difference in the COE for these parametric 
points. 
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FUEL COST - c/MBtu 


Figure 5-3 Levellzed COE vs. Fuel Cost at Labor Rate - $25. 35/hr 
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Another item which should be discussed is a comparison of 
the COE for the MHD-Steam plants considered in this study vs the 
COE for standard coal-fired plants. [Figure 5-4 shows the level- 
ized COE vs Plant Size for coal-fired plants considered in 
Figure 5-0.1 The COE for the parametric points corresponds to 
the mid-range labor rate of $21 /hr and therefore should be com- 
pared to the solid curve which represents the mid-range COE 
for coal-fired plants. As can be seen, all points for Refer- 
ence Case I are equal to or greater than the COE for coal-fired 
plants. The COE for all other MHD plants is less than the mid- 
range COE for coal-fired plants. 


The RFP also requested that a method for converting all 
costs from 1978 to 1976 dollars be presented. Using the cost 
summary sheets on Tables 5-4 through 5-31, the total capital 
cost of each parametric point can be converted to 1976 dollars 
by the following: 


Total Cost (1976 .) 


D -t- I MC + BO? 

a + (1 + e^)^ 


» 


1 + 


1.1 


MC + BOP + D + I 
where from cost summary sheets: 


MC = Major Component Cost 
BOP = BOP Cost 
D * Direct Cost 
I = Indirect Cost 
C = Contingency Cost 

e. * Labor Escalation Rate, 6%/yr 
Xj 

e^^ = Material Escalation Rate, 7%/yr 

The COE due to capital can then be calculated as dicussed 
in Section 5.2. The COE of O&M can be converted to 1976 dollars 
by deflating the values given on Table 5-35, 5-37 and 5-39 by the 
general escalation rate, 6.5%/yr. Fuel Costs for the last five 
months of 1976 supplied by NASA are: High = 125. 8<:/MBtu, Average « 

86.7^/MBtu and Low = 36.8<^/MBtu. The 1978 fuel costs specified by 
NASA and used in this study represent the following yearly escala- 
tion over the above 1976 values; High = 3.6/yr, Average =* 10%/yr 
and Low = 16. 6%/yr. Therefore, these rates should be used to de- 
flate the COE due to fuel given in this study. 
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LEVELIZED COE - nills/kWhr 
(aid - 1978 dollars) 


PARAIffiTRIC POINT (Typ) 



EGAS REF. FTBAM PLANT 


REPRESENTS 
RANGE OF 
CAPITAL 
COSTS 


O COAL FIRED PLANTS 

MNP PLANTS 
A REF. CASE I 
□ REF. CASE II 
O REF. CASE III 

FUEL COST - 105C/MBTU 


PLANT SIZE - MW 


Figure Levelized COE vs. Plant Size 


M/Ca EVERETT 


For ease of comparison bar charts of plant capital costs, 
exludlng escalation and interest, and of costs of electricity 
based on first year of commercial operation are shown in Fig- 
ures 5-5 through 5-10 for the various parametric cost design 
cases considered for each of three different Reference Plants. 
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REFERENCE PLANT 1 -CAPITAL CMT (EXCL. ESC. + INTEREST) 
CAPITAL COST $/kW ■ ^ 


PLANT PARAMETER 

BASE 

VALUE 

PAR. 

VALUE 

PLANT SIZE MW 

900 

400 

BOO 

PREHEAT TEMP *F 

2700 

3000 

AIR PREHEAT FOR 

AIR HEATER FIRING **F 

1100 

1300 

OXIDIZER 

AIR 

AIR+Oj 

CHANNEL LOAD PAR. 

U3I 

.77 

.83 

DIFF. RECOVERY FACTOR 

o.e 

.5 

COAL TYPE 

MONT. 
SUB. BIT. 

ILL. tf 6 

MOISTURE DRIED COAL % 

S 

10 

SEED REGEN. PROCESS 

FORMATE 

CARB. 

RED 



Figure 5-5 Plant Capital Costs of Reference Plant 1 
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REFERENCi PLANT 2 -CAPITAL COST (EXCL. E%. INTEREST) 


CAPITAL COST $/kW 


PLANT PARAMETER 

BASE 

VALUE 

PAR. 

VALUE 

PREHEAT TEMP. - ®F 

XOO 

2700 

FUEL GAS + AIR PREHEAT Oe 

FOR AIR HEATER FIRING “ 

M0(G/^) 
1100 (AIR) 

1100 

1,300 

CHANNEL LOAD PARAMETER 

OJO 

0.77 

0.83 


DIFF. RECOVERY FACTOR 


CHANNEL COOLANT 


MAGNETIC FIELD - TESLA 


SEED CONCENTRATION - %k 


AIR/FUEL STOICH. MHO BURNER 


COAL TYPE 


BASE DEsiGN ^ 


0.6 


LPBF HPBF 


MONT. _ 

SUB. BIT. ILL. #6 


Figure 5-6 Plant Capital Costs of Reference Plant 2 


- 210 - 


.'AVCO EVERETT 




























REFERENCE PLANT 3 - CAPITAL COST (EXCL. ESC. + INTEREST) 



Figure 5-7 Plant Capital Costs of Reference Plant 


REFERENCE PLANT 1 - COE IN CONSTANT MID 1978 DOLLARS 


COE MILLS/kWhr 


30 


40 


PLANT PARAMETER 

B/^E 

VALUE 

PAR. 

VALUE 


PLANT SIZE MW 

900 

400 

600 


PREHEAT TEMP ®F 

2700 

3000 


3S.3 

AIR PREHEAT FOR 

AIR HEATER FIRING F 

1100 

1300 


36.6 

OXIDIZER 

AIR 

AIR + O2 


35 

Z 

36.1 

36.2 

CHANNEL LOAD PAR. 

0.80 

.77 

.83 


DIFF. RECOVERY FACTOR 

0.6 

.5 


COAL TYPE 

MONT. 
SUB. BIT. 

ILL. # 6 


1 

MOISTURE DRIED COAL % 

5 

10 


36.7 

SEED REGEN. PROCESS 

FORMATE 

CARB. 

RED 



IjlBASE DESIGN CASE 


S: base :!:! 

36.0 


43.S 


H9367 


Figure 5-8 COE (First Year of Coiranercial Operation) for 
Reference Plant 1 
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REFERENCE PLANT 2 -COE IN CONSTANT MID - 1978 DOLLARS 


COE MILLS/kW/hr 


PLANT PARAMETER 


BASE PAR. 
VALUE VALUE 


PREHEAT TEMP. - "F 

FUEL GAS + AIR PREHEAT _ o_ 

FOR AIR HEATER FIRING 


CHANNEL LOAD PARAMETER 


3000 2700 

900 (GAS) 1100 
1100 (AIR) 11.300 
0.77 


DIFF. RECOVERY FACTOR 


CHANNEL COOLANT 


MAGNETIC FIELD 


- TESLA 


SEED CONCENTRATION - «K 


AIR/FUEL STOICH. MHO BURNER 


COAL TYPE 


BASE DESIGN CASE 


MONT. „ . 

SUB. BIT. ILI- '^B 


Figure 5-9 COE (First Year of Commercial Operation) for 
Reference Plant 2 
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REFERENCE PLANT 3 -COE IN CONSTANT MID - 1978 DOLLARS 



Figure 5-10 COE (First Year of Conunercial Operation) for 
Reference Plant 3 



6,0 NATURAL RESOURCE REQUIREMENTS AND 
ENVIRONMENTAL INTRUSION 


Tables 6-1 and 6-2 summarize the environmental intrusion 
and natural resource requirements for each of the parametric 
points. Each parametric point falls into one of the five cate- 
gories shown on the two tables. The categories are designated 
according to plant nominal size, coal type and seed regeneration 
process. The data is reported separately for the three reference 
cases where significant differences occur between them. 

Table 6-1 indicates the quantity of wastes products, heat 
rejection and emissions. The major differences occur as a result 
of the amount and type of sulfur removal. Reference Case III with 
Illinois coal, produces the greatest quantity of gypsum as a result 
of burning the high sulfur coal and removing the necessary sulfur 
by the formate process. On the other hand. Reference Case II with 
Montana coal, produces the least amount of gypsum. This is due to 
the lower sulfur content of Montana coal and the fact that a por- 
tion of the necessary sulfur removal is accomplished by removing 
elemental sulfur from the gasifier fuel gas. The quantity of ele- 
mental sulfur varies depending on the amount of gasifier fuel gas 
which is desulfurized. The plant emissions are all within the 
specified EPA guidelines. The SOjj emission corresponds to 85% 
sulfur removal. 

Table 6-2 shows the use of coal, potassium sulfate, lime, 
water and land. With the exception of water, resource usage de- 
pends mainly on the type of coal burned and the method of sulfur 
removal. The seed makeup is 3.8% of the total seed flow. 2.6% 
is assumed lost in the boiler and MHD components, 1% in the seed 
regeneration process and 0.2% with stack gas. Seed makeup and 
lime consumption increase from Reference Case II to Case I to 
Case III as the formate process does more of the sulfur removal. 

The use of seed and lime also increases with the use of high sul- 
fur Illinois coal. The land requirement includes 30 years stor- 
age of wastes. As a result, the land requirement is the greatest 
while burning Illinois coal and using the formate system which pro- 
duces waste gypsum. The least land is required while burning 
Montana coal and using the carbon reduction process for seed re- 
generation. 

The estimated usage of critical elements is shown on 
Table 6-3. 
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7.0 REFERENCE PLANTS EVALUATION AND SUMMARY 


The parametric analyses have shown that net MHD plant effi- 
ciency of the order of 45% can be reached for combustion of coal 
with air preheated to 3000“? in a high temperature air preheater 
system which is separately fired with a low Btu gas produced in 
an entrained bed gasifier. The use of a state-of-the-art fixed 
bed gasifier of the Wellman Galusha type gave net plant efficiency of 
about 1.5 - 2.0 percentage points lower than that attainable with 
the entrained bed gasifier, other plant parametric design assump- 
tions being the same. The entrained bed gasifier has the advan- 
tage of delivering a fuel gas which is free of tars and which is 
thoroughly cleaned both of particulate matter and sulfur before 
firing in the preheater system. In this study only half of the 
fuel gas delivered from the fixed bed gasifier was cleaned be- 
fore combustion in order to optimize the thermal efficiency of 
this gasifier system. Cleaning of all of the fuel gas produced 
from the fixed bed gasifier system would have resulted in a 
somewhat lower net plant efficiency and a correspondingly some- 
what larger difference in the attainable plant efficiency between 
the use of the two gasifier types. The use of a C-E entrained 
bed type gasifier requires only a single gasifier unit for MHD 
base load power plant application because this type of gasifier 
has a projected large unit capacity. The present unit capacity 
of the Wellman Galusha fixed bed type gasifier requires the use 
of about 30 gasifier units for a 900 MWg MHD power plant. The 
number of required fixed bed gasifier units could be reduced to 
about 5 considering the projected increase of the gasifier bed 
diameter from the present 10' to 25'. 

The use of oxygen enrichment of the combustion air resulted 
in a calculated net plant efficiency in the range 43.5% - 45.0% 
for preheat temperatures in the range 1000®F - 1400"F. An oxy- 
gen enrichment of the combustion air to roughly 35 vol.% of oxy- 
gen appears optimum. The net plant efficiency attainable for an 
oxygen enrichment of 34.1% and 1400®F preheat temperature is cal- 
culated to be 44.8%, or the same as that attainable for the basic 
Reference Plant 2 design case with the use of a high temperature 
air preheater separately fired with a fuel gas produced from the 
entrained bed gasifier type. A preheat temperature of 1400'*F for 
a metal heat exchanger is presently considered an upper limit for 
early commercial MHD power plant application and practical con- 
siderations may dictate the use of a lower temperature. However, 
the analysis shows that even a lower and more practical preheat 
temperature of around 1200®F would result in an attractive net 
power plant efficiency of around 44.0%. It is emphasised that 
the power requirement for O2~production is an important factor in 
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establishing the net plant efficiency which can be attained for 
MHD power plants with the use of oxygen enriclunent of the com- 
bustion air. Therefore, it becomes very important to integrate 
the 02 ~plant properly with the power plant and to optimize the 
oxygen plant both from the viewpoint of power requirements and 
capital costs. Preliminary investigations indicate that the op- 
timum value of oxygen purity is about 80% for combustion with air 
enriched with oxygen to about 35% O 2 content. 

The performance and cost data of the three different Refer- 
ence Plants considered in this study are summarized in Table VII-1. 
For each Reference Plant, data for two design cases are tabulated; 
the first is the base design case and the second is the design 
case with lowest cost of electricity (COE) for the respective 
Reference Plant. 

In addition, at the right side of the Table, data are listed 
for the mature MHD power plant of advanced design which uses di- 
rectly fired high temperature air preheater as considered in ECAS, 
and for the conventional steam plant with scrubber used as refer- 
ence by G.E. in ECAS. For comparison, the listed cost data for 
these two plants from ECAS have been converted from mid-1975 to 
mid-1978 dollars by applying an annual escalation of 6.5% and the 
fuel costs are based on 105 <:/MBtu as for the other plants. 

Reference Plants 2 and 3 offer lower COE than Reference 
Plant 1, and operate at higher efficiencies. Therefore, Reference 
Plants 2 and 3 are more attractive than Reference Plant 1. These 
plants do not offer the same high efficiency and low cost as the 
mature MHD power plant defined in ECAS, yet the efficiencies and 
COE are still considered attractive compared to conventional 
steam plants. It is noted that the emission regulations (NSPS) 
specified for this early MHD power plant study are more stringent 
than those specified in ECAS. 

Regarding potential plant improvements significant cost re- 
ductions are considered possible for the high temperature pre- 
heater system of Reference Plant 2 and for the oxygen plant of 
Reference Plant 3. Our preliminary design and cost analysis of 
the high temperature preheater system have already indicated that 
the cost of the preheater system can be expected to be reduced to 
roughly 2/3 of the cost used in our parametric cost analysis. 

The cost and performance data for the oxygen plant used in 
Reference Plant 3 are based upon estimated turnkey costs and 
performance data developed by Lotepro in a parallel DOE sponsored 
study. Improvements in this area have been indicated. Obviously, 
the use of oxygen eliminates the need for a a high temperature 
preheater system and its associated gasifier. 
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In swranary, two different "Moderate Technology" entry level 
MHD power plants have been identified in Task I as potentially 
attractive. These are: 

1. Reference Plant 2 which considers the use of a high 
temperature regenerative air preheater separately 
fired with a clean fuel gas produced from an advanced 
entrained bed atmospheric type gasifier. 

2. Reference Plant 3 which considers the use of oxygen 
enrichment of the combustion air. 

The results from Task X are encouraging. However, further 
conceptual design work of the above two potential Reference 
Plants identified as R»st attractive in Task I is required to 
form a better basis for an assessment of their attractiveness 
and commercial viability. Such design work is also important to 
define the development requirements of MHD power system components 
and of the overall power system, and hence to structure a develop- 
ment program to meet the goal of conmwrcial MHD power generation. 
MHD like any other technology is expected to advance and improve 
after its commercial introduction. Therefore, this study program 
v^lch had as its prime objective the identification of early 
prospective MHD power plants, serves also to define the initial 
goal for the commercial development of MHD power generation and 
the requirements of a technical development program for meeting 
this goal. 
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EMISSION STANDARDS (NSPS) 


Particulate: 0.03 #/10® Btu input (13 ng/J) 

(a) With 99% reduction of uncontrolled emissions 

(b) Percent reduction would not apply to gaseous or 
liquid fuels fired alone. 

(c) 10 perce. c opacity (6-minute average) 

SO 2 : 1.2 #1/10® Btu input (520 ng/J) 

(a) With 85% reduction 

(b) 85% reduction would not apply if emissions are 
less than 0.2 #/106 Btu input. 

NO^: 

T 0,8 #/lo6 Btu (340 ng/J) 

(a) With 65 percent reduction when using a cyclone 
furnace to fire North Dakota, South Dakota, 
or Montana lignites or more than 25 percent 
coal refuse. 

2. 0.6 #/106 Btu (260 ng/J) 

(a) With 65 percent reduction for bituminous, certain 
lignites and othr solid fuels. 

3. 0.5 #/10® Btu (220 ng/J) 

(a) With 65 percent reduction for subbituminous 

coals and 25 percent for low Btu synthetic gas. 

4. 0.3 #/106 Btu (130 ng/J) 

(a) With 65 percent reduction for liquid fuels. 

5. 0.2 #/106 Btu (86 ng/J) 

(a) And reduced 25 percent from uncontrolled levels 
for gaseous fuels except low Btu synthetic gas. 
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APPENDIX A 


COAL AND ASH ANALYSES OF SELECTED COALS 


Proximate Analysis, Coal 
as Rec'd. Percent 

Montana 

(Rosebud) 

Illinois 
(No. 6) 

Moisture 

22. 7 

8.9 

Volatile Matter 

29. 4 

38. 0 

Fixed Carbon 

39. 2 

41.7 

Ash 

8. 7 

11.4 

Ultimate Analysis. Percent 

Hydrogen 

6. 0 

5.4 

Carbon 

52. 1 

62.4 

Nitrogen 

. 79 

1.2 

Oxygen 

31. 5 

16.3 

Sulfur 

0. 85 

3.3 

Heating Value, Wet, Btu/lb 

8920 

11265 

Heating Value, Dry, Btu/lb 

11560 

12370 

Coal Rank 

Subbit B 

HVCB 

Ash Analysis, Percent 

Si02 

37. 6 

41.4 ±5.4 

AI2O3 

17. 3 

19 . 3 ± 6. 8 

Fe^Oj 

5. 1 

22. 3 ± 6. 8 


0. 7 

0.9 


0. 4 

0. 12 

CaO 

11. 0 

5. 4 ± 3. 3 

MgO 

4. 0 

1. 7 ± 1. 3 

Na^O 

3. 1 

0. 6 ± 0. 2 

K^O 

0, 5 

2. 1 ± 0. 4 

SO3 

17. 5 

7. 5 ± 0. 6 

Initial Deformation Temp ®F 

2190 ± 230 

1960 ± 70 

Softening Temp °F 

2230 ± 240 

2030 ± 70 

Fluid Temp °F 

2280 ± ZOO 

2260 ± 200 
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Summary of Auxiliary Power Requirements (KW) 


Superconducting Magnet 
Cryogenic System 
Coal Gasifier System 
FD Comb. Air Blower 
BTAH System 

FD Comb. Air & Recycle 
Gas Blower 

Coal Handling 6 Proc. 

Feeders & Conveyors 
Pulverizors & Fans 
Coal & Seed Feeding 
Petrocarb Sys. Comp. 

Steam Generator 

Boiler Circ. Pumps 
Condensate Pumps 
ID Fans & Sec. Air Blower 
Electrostatic Precipitator 
Seed Regen . Sys . 

Balance of Plant 

Circ. & cooling water pimps 

Cooling Tower Fans 

Misc. 

Station Services 

HVAC, Lighting, Control 
Power, etc. 

TOTAL 


. Plant I 

II 

III 

1000 

1000 

1100 

3838 

2493 


5927 

6470 


1325 

1357 

1375 

4252 

6650 

6495 

1385 

1318 

1985 

4800 

4300 

4800 

705 

768 

780 

6056 

5725 

5895 

1750 

1550 

1400 

7425 

5307 

9400 

4980 

5610 

5450 

2722 

2963 

2872 

305 

250 

300 

1110 

1100 

1100 

47580 

47361 

42952 
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NOTES 


1. Cost basts 1978 1/2 dollars. 

2. Costs should be shovm in thousands of dollars. 

3. UNIT - Unit of measure for each account . 

4. QUANTITY - Quantity for each account based on the unit of measure. 

5. MATERIAL COST - Total material cost for each account. 

MJR C(MP - Total major component material cost delivered to the site 
for each account. Major components are those major pur- 
chased items which are engineered, designed, fabricated, 
shipped, and in sane cases erected by one supplier or 
manufacturer . 

BOP “ Total balance of plant materials cost delivered to the site for 
each account. BOP materials are those items normally designed 
and purchased by an Architect - Engineer. 

6. INST COST " Total direct installation cost for each account. 

Provide as part of the estimate backup a breakdown 
of those items included in the installation cost. 

7. INDIR COST - Total indirect construction cost for each account. 

Provide as part of the estimate backup a breakdown of 
those items included in indirect construction cost and 
the procedure used in applying that cost to the estimate. 

8. CONTIN - Total contingency cost for each account. Provide as part 

of the estimate backup the basis for the contingency 
costs and the procedure used in applying those costs to 
the estimate. 

9. TOTAL COST - Total of all material, installation, indirect and 

contingency costs for each account. 

10. ENGINEERING SERVICES - Total cost of all professional services. 

Provide as part of the estiraate backup the 
basis for the engineering services cost and 
procedure used in applying that cost to the 
estimate . 

11. OTHER COSTS - Total of other costs. Provide as part of the estimate 

backup a breakdown of those items included in other 
costs and the procedure in applying that cost to 
the estimate. 
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ETF CODE OF ACCOUNTS 


ACCT 

NO 


DESCRIPTION 

310 


Land and Land Rights 

311 

(1) 

Structures and loiprovements 

311. 1 


Improvements to Site 

311.2 


Main Building 

311.3 


Steam Turbine Building 

311.4 


Coal Bunk&r/Processing Area 

311.5 

(2) 

Service Buildings 

311.6 

(3) 

Other Buildings and Structures 

312 


Boiler Plant Equipment 

312.1 

(4) 

Coal Handing and Processing 

312.2 

(5) 

Slag and Ash Handling 

312.3 


Radiant Section 

312.4 

(6) 

Steam Generator Sections 

312.5 

(7) 

Effluent Control 

312.6 


Auxiliary Boiler Systems 

312.7 

(8) 

Other Boiler Plant Systems 

313 

(9) 

Engines and Engine Driven Generators 
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ACCT 

NO 


DESCRIPTION 


314 


Turbogenerator Units 

314.1 


Steam Turbine Generator and Auxiliaries 

314.2 


Condenser and Auxiliaries 

314.3 

(10) 

Circulating Water System 

314.4 

(11) 

Steam Piping Systems 

314.5 


Other Turbine Plant Equipment 

315 

(12) 

Accessory Electric Equipment 

316 

(13) 

Miscellaneous Power Plant Equipment 

317 


MHD Topping Cycle Equipment 

317.1 

(14) 

Combustion Equipment 

317.2 

(15) 

MHD Generator Subsystem 

317.3 

(16) 

Magnet Subsystem 

317.4 

(17) 

Inverters and Electrode Control 

317.5 

(18) 

Oxidizer Preheater Subsystem 

317.6 

(19) 

Seed Subsystem 

317.7 

(20) 

Other Major MHD Topping Cycle Support Subsystems 

317.8 


Miscellaneous MHD Topping Cycle Support Equipment 

318 

(21) 

Research Equipment 

319 

(22) 

Simulation Equipment 

350 

(23) 

Transmission Plant 
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ETF CODE OF ACCOUNTS 



I 

t 

I 


GENERAL NOTES 


A. The modified FPC "ETF Code of Accounts" and these notes should be 
used as a guide in developing and utilizing the final code of 
accounts for the ETF cost estimate. 

B. These notes should be used as a guide in subdividing accounts and 
additional subaccounts included in order to more siccurately define 
the cost of the plant. Individual subaccounts shoatld be included 
for each major component or subsystem. 

C. If the total cost of an account or subaccount is greater than 
5Z of the total estimated plant cost the account or subaccount 
should be subdivided into its next lower level of detail. 

D. Individual component or subsystem foundations, structural steel 
supports, access platforms, etc. should not be included in account 
311, but are to be included as part of the BOP material cost and 
installation cost for the component or subsystem. 


E. All piping; ducting; and electrical, mechanical arad instrumentation 
& control equipment within a subsystem should be included in the 
cost of the subsystem. 

SPECIFIC NOTES 

(1) Subdivide the building accounts into subaccounts for each individual 

building or major building area. (Example: If subaccount 311.2 

Main Building includes the heater, MHD, cryogenic system, invertor 
and control buildings provide separate subsccount-s under 311.2 

for each of these building.) All building services should be 
included in the cost of the building. 

(2) Includes all office, shop, warehouse and maintenaince buildings. 
Include a subaccount for each building provided. 

(3) Includes all miscellaneous buildings such as the water treatment 
or seed system buildings. Inc}"'*e a subaccount fior each building 
provided . 


EVERETT 


- 231 - 


('♦) Incltjd«» nil '»q'jii>n«nt frou th? iiitiil coil 'inl Jiiini o^int uo to 
snd incl'idin<^ coal atori<ta orior to fiiil orsoara'.ioi (final orao- 
aration includes drying and oulveriain'*) . 

(5) Includes all iquioninc fron tie initial collection equipment up 
to the storaii area. 

(6) Include subaccount for each major steam generator section 

(examples: superheater, reheater, economizer, etc,). 

(7) Includes all equipment from the steam generator outlet uo to and 
including the chimney, with subaccounts for each seed and/or 
cleanup subsystem, and the chimney. 

(3) Include subaccounts for the condensate system, boiler feedwater 
system, condensate pumps, boiler feed pumos, boilmr plant related 
water treatment equipment and the secondary air system. 

(9) Do not use account 313. 

(10) Include a subaccount for the coolinq towers. 

(11) Include a subaccount for each of the major steam systems (examples: 
main steam, hot and cold reheat steam, extraction steam and bypass 
steam systems). 

(12) Includes all accessory electric equiooment such as the equipment 
from the MilD power conditioninq equipment and steam turbine 
qenerator up to the main transformers, emerqency or standby equip- 
ment, and wire and cable systems. 

(13) Includes all equipment and subsystems not other«nse identified 

(examples: fire protection system, station maintenance equipment, 

fuel oil system, etc.). 

(H) Includes all final coal preparation equipment not included in 

account 312.1. the combustor, all coal injection equipment, and 
initial slaq collection equipment at the combustor. 

(15) Include subaccounts for the nozzle, qenerator channel, and diffuser. 

(16) Include a subaccount for the maqnet and each support system. 
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(17) Includes ell power conditioning and electrode control equipment. 

(18) Includes all equi{»Bent from the outside inlet through the delivery 
piping to the combustor; Including the main air compressors, 

air c«Bpressor drives, low temperature air heaters, high temperature 
air heaters and hot gas piping. 

(19) Includes all seed unloading, storage, preparation, injection, 
transport, separation, and reprocessing subsystems and equipment. 

(20) Includes all other major support subsystems such as oxygen an 
system or a coal gasification system. Include a specific subaccount 
for each major support subsystem subdivided into its major components 
and subsystems. 

(21) Includes all equipment or ^ ubsystems provided specifically for 

research purposes (example: instrumented generator channel). 

Include a subaccount for each major research component or sub- 
system. 

(22) Includes all equipment or subsystems specifically provided to 
simulate equipment or subsystems which would normally be included 
in a commercial MHD power plant (example: heat rejection equipment 
used to simulate a steam bottoming plant) . Include a subaccount 
for each major simulation component or subsystem. 

(23) Includes all transmission plant equipment located at the facility 
including the main transformers and switchyard. 


- 233 - 


EVERETT 


